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ABSTRACT 
 
Vocal Rhythm Coordination and Preterm Infants: 
Rhythms of Dialogue in a High-Risk NICU Sample 
by 
Adrianne E. Lange 
 
Advisor: Steven Tuber, PhD 
The contemporary bio-psycho-social view of mother-infant relationships holds that early 
interactions form the foundation of the growing infant’s sense of himself and the world.  Prior to 
the development of linguistically-based communication, nonverbal communication patterns 
foster the infant’s socio-emotional growth, cognitive capacity and the development of optimal 
regulatory patterns.  Preterm birth significantly alters the typical developmental trajectory on 
multiple levels and disrupts normal neurobiological and socio-emotional maturational processes, 
including those that build on early interpersonal experiences with caregivers.  The current study 
of vocal rhythm coordination in preterm mother-infant dyads is the first of its kind.  Aspects of 
infant prematurity (degree of prematurity, infant autonomic maturity, neurobehavioral regulatory 
capacity) and aspects of maternal influence (including the quality of maternal caregiving and 
maternal depression and anxiety) were examined in relation to vocal rhythm coordination 
outcomes at infant age 4 months (CA).  Multi-level time-series models were used to generate 
infant and mother vocal rhythm self-contingency (self-predictability, a form of self-regulation) 
and vocal rhythm interactive contingency (the degree to which each individual predictably 
adjusted to the vocal rhythms of the partner).  For interactive contingency, results demonstrated 
that mothers and preterm infants coordinated the duration of pauses and switching pauses (at the 
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turn exchange), indicating that the basic temporal and organizational mechanisms required for 
interpersonal vocal coordination were in place for this group.  Bidirectional coordination was 
found for mothers’ and infants’ switching pause; unidirectional coordination was present for 
mothers’ pause.  For self-contingency, results demonstrated that both preterm infants and their 
mothers showed significant self-contingency, indicating that both preterm infants and their 
mothers were firmly self-rooted, that is, predictable from their own prior behavior.  As 
hypothesized, both infant influences and mother influences contributed to vocal rhythm 
coordination at 4 months (CA).  Infant sex, birthweight, neonatal neurobehavioral regulatory 
capacity and concurrent vagal tone predicted mother-infant vocal coordination at 4 months (CA).  
Mothers’ age, ethnicity, and depression and anxiety symptoms at hospital discharge also 
contributed to vocal coordination at 4 months (CA). Viewed in conjunction with prior vocal 
rhythm research on term infants, these new findings may be able to aid in the assessment and 
early intervention of preterm infant dyads that may be at risk for less optimal cognitive and 
relational outcomes. 
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British psychoanalyst D.W. Winnicott famously declared that there is no such thing as an 
infant in the absence of maternal influence (1960), building on Sigmund Freud’s early notion of 
the psychical system of the mother-infant as an inextricable unit (Freud, 1911, p. 220).  
Winnicott proposed then that "the infant and the maternal care belong to each other and cannot 
be disentangled" (1960, p. 587).  Winnicott’s curious use of the word “disentangled” evokes a 
complex web of fibrous entanglements and connections that link the mother and infant, binding 
them together so completely such that they “belong” together.  From the moment of conception, 
the mother and infant are suddenly and inextricably defined in relation to each other.  This 
belonging takes as many intricate permutations as there are mother-infant pairs in the world, but 
each pair, regardless of their life’s path1, can be bound together by the immense strength of 
innumerable biological and social fibers that serve to foster the infant’s primary project of 
development.   
The contemporary psycho-bio-social view of mother-infant2 relationship holds that early 
interactions form the foundation of the growing infant’s sense of himself3 and the world (Stern, 
1985; Schore, 2001a, b).  The mother constitutes the whole of the environment for the infant in 
utero; she is his context for growth and survival.  As parents begin the social process of building 
                                                          
1 This statement is intended to underscore the intricate connectedness of mothers and infants from pregnancy 
through birth, however, many mothers and infants are poorly emotionally attached or separated from each other for 
other reasons (e.g. circumstances of adoption, mother or infant sickness, maternal imprisonment, abandonment).   
2The phrase “mother-infant” is typically used in dyadic theory and research and will be used here for clarity and 
consistency when “parent-infant” is not appropriate.  The author wishes to note that this usage is not intended to 
undermine the importance of fathers and other primary caregivers or to negate the existence of non-hetero-normative 
family structures.  However, most research and theory in this field to date is based on and refers to hetero-normative 
family structures and mother-infant as the primary dyad.  In addition, most of the research discussed here takes place 
between biological mothers and infants.  As such, the use of “mother-infant” is default here, but not without the 
knowledge that this does not encompass or describe all parent-infant or caregiver-infant dyads.  
3 For the duration of this paper, infants will be referred to using male pronouns to easily distinguish mothers from 
infants, as much of the paper discusses mother-infant concepts.   
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an emotional world for their infant through imagination and symbolism before he is born, they 
construct a space, both literally and figuratively, for him to occupy on delivery.  The embodied 
infant is part and parcel of the parent-infant dyad before he even arrives.   
After birth, parents and other primary caregivers continue to shape the infant’s 
development by providing sustenance and nurture, and sculpting his emotional landscape 
through multiple and reciprocal pathways. Now, the infant is his own body and mind in the 
world and he begins to use his resources to interact with that world.  Early interpersonal 
experiences with primary caregivers establish and potentiate the infant’s neurobiological, 
sensory, emotional, physical and relational systems and help to facilitate his sense of the world 
as an organized and coherent place (Brazelton & Cramer, 1990; Siegel, 1999; Hofer, 1994, 2004; 
Feldman, 2006, 2009).   
Specifically, prior to the development of linguistic communication, nonverbal 
communication patterns foster the infant’s socio-emotional growth, cognitive capacity and the 
development of optimal regulatory patterns (Jaffe, Beebe, Feldstein, Crown & Jasnow, 2001; 
Feldman, 2006; Barrett & Fleming, 2011).  The dynamic, transactional processes of nonverbal 
communication between parents and infants across multiple modalities serve important co-
regulatory functions in both physiological and neuro-behavioral domains (Als, 1995, 1999; 
Winberg, 2005; Feldman, 2006).  In short, after the infant is born, infant and caregiver dyads 
embark on the path together, using all that their minds, bodies and voices have to offer in the 
service of development.  
Developmental psychologists, researchers and theorists since Winnicott (1960) and 
Bowlby (1969) have emphasized the significance of the interpersonal sphere for the growth and 
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development of the self (Stern, 1985; Mahler, Pine, & Bergman, 1975; Brazelton & Cramer, 
1990; Fogel, 1993; Bergman, 1999; Fonagy, Gergely, Jurist & Target, 2002), experiences of 
intersubjectivity (Trevarthen, 1993; Beebe, Knoblauch, Rustin & Sorter, 2005) and of cognitive 
and psychological development (Siegel, 1999; Gopnik, Meltzoff & Kuhl, 1999).  Attachment 
theory is predicated on the tenet that infants, children and adults use their significant 
relationships as a means of emotional regulation (Bowlby, 1969; Cassidy & Shaver, 1999), 
particularly in times of stress and challenge.   
Across disciplines, science has shown a distinct shift towards understanding humanness 
as fundamentally shared and connected, with all aspects of human development multiply 
influenced not only by who we are as individuals, but by who we share our lives with and how 
we relate to one another.  Schore (1994, 2001a, b) has incorporated contemporary knowledge of 
infant neurodevelopment, specifically of the “emotional” right brain and limbic system, with 
attachment research, emphasizing the importance of psychosocial and physiological relationships 
with primary caregivers.  Siegel (1999, 2012) has drawn together the fields of attachment, 
neurobiology, stress and emotion regulation and philosophy together under the umbrella field of 
interpersonal neurobiology, emphasizing the relationship as critical to neurobiological processes.   
 Further, regulation is a shared and mutually effective experience that takes place on 
physiological and psychological planes, incorporating multi-sensory input (e.g. Thompson, 1994; 
Stansbury & Gunnar, 1994; Fox, 1994; Winberg, 2005; Feldman, 2009).  Important 
physiological interactive regulation occurs during feeding, caretaking and social contacts 
between mother and newborn (Uvnas-Moberg, 1996; Winberg, 2005), helping both partners to 
not only recover from the strains of pregnancy and childbirth but to cope with, adapt and thrive 
in the face of new roles and demands.  Parents and primary caregivers are understood to provide 
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critical contributions to the child’s capacity to regulate himself from infancy (Fogel, 1993; 
Thompson, 1994).   For example, touch is an important interpersonal resource that helps to 
soothe and down-regulate infants in times of distress and to build trust through relaxation and 
loving-contact (Tronick, 1995; Field, 1998; Hertenstein & Campos, 2001).  Caregivers also 
bolster the child’s self-regulatory capacities through emotional sensitivity and responsiveness 
(Tronick, 1989; Cassidy, 1994) and through direct and indirect feedback regarding social goals 
and norms in childhood and adolescence (Thompson, 1994), thereby improving the child’s 
regulatory strategies and his communicative effectiveness.  The relative stability of a mother’s 
behavior can offer a powerful platform on which the infant can flower socially, building on 
temporal expectancies based on contingent behaviors (Beebe, et al., 2016).  Together, mothers 
and infants create a dynamic, dyadic language through which they communicate, grow and 
regulate each other.  
Preterm birth significantly alters the typical developmental trajectory on multiple levels 
and disrupts normal neurobiological and socio-emotional maturational processes, including those 
that build on early interpersonal experiences with caregivers (Feldman, 2009; Nosarti, Murray & 
Hack, 2010).  Employing underdeveloped physiological systems, preterm infants are thrust into 
the atypical environment of the NICU (Neonatal Intensive Care Unit) and exposed to numerous 
stressors that, while medically necessary to the infant’s survival, can adversely affect neural 
development (Als, et al., 2004).   
Preterm birth also places increased stress on the caregiver-infant dyad that complicates 
normal bonding and attachment processes by interfering with the optimal conditions under which 
mutual regulatory systems typically bloom (Feldman & Eidelman, 1998; Feldman, 2006).  
Infants are typically sequestered in the NICU for weeks, often under isolette confinement, and 
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subjected to the constant stress inherent in the medical environment.  Parents are confined to 
visits; while these are important, they are limited and do not contain sufficient opportunities for 
building the bonds of communication and caregiving which are fundamentally interactive.   
Worldwide, nearly 10% of all births are premature (Beck, et al., 2010).  Premature birth 
interrupts the optimal growth and development of the fetal brain, increasing the risk for 
immediate and long-term physical and mental health concerns (Nosarti, Murray & Hack, 2010; 
Moster, Lie, & Markestad, 2008).  It is strongly associated with a range of psychopathology in 
infancy, childhood and adolescence, notably in disorders of executive function (Baron, Litman, 
Ahronovich, & Baker, 2012; Lindstrom, Lindblad, & Hjern, 2011; Anderson, Howard, & Doyle, 
2010; Bhutta, Cleves, Casey, Cradock & Anand, 2002), memory (de Haan, 2010), language 
function (Rushe, 2010) and cognition (Ritter, Perrig, Steinlin, & Everts, 2014).   
Children and young adults born preterm often struggle with academic performance due to 
a high prevalence of learning disabilities (reviewed in Taylor, 2010) and behavioral difficulties 
(Ritter, Perrig, Steinlin, & Everts, 2014; Healy, 2010).  In addition, poor social-relatedness 
accompanied by language and communication deficits (Wolfe, Vannatta, Nelin, & Yeates, 2015; 
Boyd, et al., 2013) have been found by numerous researchers, all three defining features of 
autistic spectrum disorders.  Notably, many of the deficits associated with prematurity are 
closely bound to aspects of regulation and social connectedness.   
While most conceptualizations of infant social development draw naturally from typical, 
full-term infant experience, few consider how preterm birth alters the developmental trajectory – 
particularly in terms of the psychological, biological and social systems active in the dyad.  With 
such a complex profile of interrelated behavioral and neuropsychological challenges for the 
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preterm infant, causal connections between preterm birth and developmental outcomes may be 
hard to come by; however, the assessment of mother-infant interactions offer a unique 
perspective on this problem that accounts for the importance of the dyadic context of infant 
development.   
Specifically, the study of nonverbal communication patterns of mothers and infants offers 
researchers a powerful window into the social development in preterm infants. Vocal rhythm 
coordination is a nonverbal, prelinguistic, lifespan measure of social communication (Jaffe & 
Feldstein, 1970; Feldstein, 1998) that has been associated with a variety of interpersonal 
outcomes, for example, feelings of closeness and familiarity (Crown, 1991), that of empathy 
(Feldstein & Welkowitz, 1978), and interpersonal attraction (Capella, 1996), even marital 
discord (Gottman, 1979).  Vocal rhythm coordination has proven to be a valuable measure of 
social relatedness spanning numerous types of relationships including peer relationships, 
therapist-patient relationships and romantic partners (Feldstein, 1998; Crown, 1991; Beebe & 
McCrorie, 1999; Holtz, 2004).   
Vocal rhythm coordination is a unique relational predictor in infancy, as well.  It has been 
used to predict attachment outcomes and cognition at 12 months (Jaffe et al., 2001) and 
attachment at 4 years (Markese, 2008).  Mother-infant dialogues show patterns of nonverbal 
relatedness that are reciprocal, that is, mutually influential and organized over time and in 
relation to the other. Vocal rhythms are “coordinated” in patterns of matching, where partners 
join each other in rhythmic synchrony, or in patterns of compensation, whereby one partner 
increases his or her influence while the other partner decreases.  Variations on these patterns, as 
they relate to specific vocal states, constitute a deeply engrained process of nonverbal 
communication, one that is stable within the dyad and across contexts (Jaffe & Feldstein, 1970). 
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The idea that caregivers and infants mutually influence each other, through multiple 
pathways, both biological and social, reinforces the guiding principles of this study: infant 
development is a fundamentally dyadic process and, conversely, dyadic processes enable infant 
development. The study of the dyadic unit embraces the complexity of infant development as a 
co-constructed endeavor, as mothers and infants co-regulate each other, both psychologically and 
physiologically and across modalities and domains (Feldman, 2006, 2009). 
Previously, vocal rhythms have been utilized to predict attachment and infant outcomes 
in mother-infant research (Jaffe, et al., 2001). This study explores preterm infant social 
development using vocal rhythm coordination as an outcome measure combined with an array of 
important mother and infant influences as predictors.  Using vocal rhythms in this way is a novel 
approach.  The study of vocal rhythms in preterm mother-infant dyads is not currently 
represented in the literature, which makes the present research all the more valuable in its 
potential contributions towards our understanding of the early relational patterns of preterm 
infant dyads.   
Specifically, the present research will focus on aspects of infant prematurity (including 
degree of prematurity, infant autonomic maturity, neurobehavioral organization), and aspects of 
maternal influence (including the quality of maternal caregiving and maternal depression and 
anxiety), that may affect vocal rhythm coordination outcomes at infant age 4 months (CA, 
corrected age4).  This approach may offer new insights into the pathways that are most 
                                                          
4 Corrected age refers to the premature infant’s age calculated from the time he reaches term-age, intended to 
“correct” for the infant’s prematurity when assessing his developmental function.  The use of corrected age in 
research is standard practice and is recommended by the American Academy of Pediatrics and the Centers for 
Disease Control and Prevention.  Medical providers are recommended to use corrected age through 2 years, when 
the infant is supposedly “caught up” from the effects of his premature birth.  While the present study utilizes 
corrected age, it is noted strongly here that research does not support the notion that children “catch up” from 
prematurity, rather they proceed on a divergent trajectory of development from full-term standards. 
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disruptive, or protective, towards mother-infant vocal rhythm coordination in preterm infant 
dyads.  Viewed in conjunction with prior vocal rhythms research with full-term infants, new 
insights from the present study may be able to aid in the assessment and early intervention of 
preterm infants who are at risk for later maladaptive attachment patterns and poor cognitive and 
relational outcomes.  In addition, these new insights may open up important avenues for future 
research. 
 To understand the premature infant, it is necessary to review aspects of the experience of 
prematurity for both mothers and infants, as well as to gain a sense of context for premature 
birth.  Part I will explore the context of preterm birth, as well as aspects of the neurobiology of 
preterm birth and the significance of regulation in prematurity.  Special attention will be given to 
the importance of mother-infant co-regulatory processes and the significance of postnatal 
separation in the neonatal intensive care unit (NICU), as well as to the challenging experience of 
the NICU itself.  Part II will review the relevant research in infant temporal processing and 
dyadic nonverbal communication patterns.  This includes a review of dyadic systems theory 
(Jaffe, et al., 2001; Beebe, et al., 2016), in which the vocal rhythms measure is couched.   
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Part I:  Understanding Prematurity 
Premature birth is a global health concern affecting approximately 12.9 million births 
worldwide– 9.6% of all births (Beck, et al., 2010).  Estimates from the World Health 
Organization indicate that while developing countries, particularly those in Africa and Asia have 
the highest incidence of preterm birth, North America (excluding Mexico) showed the second 
highest rate of preterm birth for developed countries, with 10.6% of all births occurring 
prematurely.  Estimates place the annual percentage of preterm birth in the United States at 12.5 
to 13% (Hamilton, et al., 2007; Ananth, & Vintzileos, 2006).  While Sweden reports a global low 
of 6% in (National Board of Health and Welfare: Stockholm, 2003), one study in Malawi, 
Africa, revealed that 20% of women delivered preterm (van den Broek, Ntonya, Kayira, White & 
Nielson, 2005).  
Definitions of Prematurity   
Preterm birth is typically defined as childbirth occurring at less than 37 weeks (259 days) 
of gestation with full-term generally defined as 38-42 weeks (Johansson & Cnattigius, 2010).  
More precise classifications of “moderate” or “late” preterm (birth at 32-36 weeks), “very” (28-
31 weeks) and “extremely” preterm (≤ 27 weeks) are often used since fetal development differs 
greatly by gestational age.   Some researchers and professionals use birthweight, instead of 
gestational age, to classify prematurity (Moutquin, 2003), particularly when research is involved.  
This alternative has been used in research in part due to the inherent difficulty in determining 
precise gestational age.  As such, the terms low birthweight (LBW), very low birthweight 
(VLBW) and extremely low birthweight (ELBW) (<2500 g, <1500 g, and <1000 g, respectively) 
are often used as a measure for degree of prematurity.  When comparisons are drawn between 
infants from different classification systems, care must be taken to clarify any important 
VOCAL RHYTHMS AND PRETERM INFANTS 
 
10 
 
differences between subject groups.  For individual infants, these differences may be significant, 
though for the most part, group similarities between the classifications of birthweight and 
gestational age often outweigh differences. 
Morbidity and Mortality   
Preterm birth is a critical determinant of neonatal morbidity and mortality (Volpe, 1998; 
Cooke, 2006b) and has serious long-term health implications throughout the lifespan (Nosarti, 
Murray & Hack, 2010).   Children born premature have higher rates of physical, cognitive and 
academic difficulties and long-term health complications, particularly motor impairments, 
sensory deficits, executive function and learning disabilities and chronic respiratory illnesses, as 
compared to full-term children (Goldenberg, Hoffman & Cliver, 1998; Escobar, Clark & Greene, 
2006; Escobar, et al., 2006).  The financial impact and emotional toll on families is high (Gilbert, 
Nesbitt & Danielsen, 2005; Petrou, 2005).   
Risk Factors for Preterm Birth 
 Premature birth has been associated with a number of differing risk factors including 
ethnicity, heritable factors, infections, maternal age and reproductive history, socioeconomic 
status, assisted reproduction treatments, smoking and substance abuse and even air quality 
(Johansson & Cnattingius, 2010).  Results from epidemiological research show significant 
differences in rates of preterm birth between ethnicities in the United States (Kistka, et al., 2007).  
In 2005, 19% of black non-Hispanic women delivered preterm, while 12% of white non-
Hispanic women delivered preterm (Hamilton, et al., 2007).  Black women in the United States 
also face an increased risk of repeated preterm birth (Kistka, et al., 2007) over the typical 
increase seen with multiparous births.  These racial disparities may be understood as a function 
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of environmental and socioeconomic factors including limited quality of and access to prenatal 
care, overall maternal health and financial constraints.  In addition, genetic predispositions vary 
by ethnicity (Nesin, 2007).  Regardless, the socioeconomic and environmental realities of the 
minorities in the United States make preterm birth a serious health issue for racial and ethnic 
minority groups.   
 Research shows that the maternal risk for repeated preterm birth is increased by the first 
preterm birth, particularly for very preterm births (Clausson, Lichtenstein & Cnattingius, 2000).  
Heritable complications such as preeclampsia and gestational hypertension may account for one 
third of all preterm births (Nilsson, Salonen Ros, Cnattingius & Lichtenstein, 2004).  Certain 
bacterial infections in the reproductive system during pregnancy are known to increase the risk 
of preterm birth and complicate infant health outcomes (Goldenberg, Hauth & Andrews, 2000; 
Svare, Schmidt, Hansen & Lose, 2006; Gupta, et al., 2007).  Outside the reproductive tract, 
bacterial infections in other maternal systems, such as periodontal infection, have been shown to 
increase risk (Offenbacher, et al., 2006), as well as viral infections (Johansson & Cnattingius, 
2010). 
 Maternal characteristics including ethnicity, age and reproductive history have all been 
associated with preterm birth (Olausson, Cnattingius & Haglund, 1999; Hoffman, et al., 2007).  
Particularly low and high maternal age increase the risk of preterm birth.  The ceiling expansion 
of childbearing age is largely due to changing social norms and the development of assisted 
reproductive technologies; unfortunately, higher maternal age is associated with greater risks of 
preeclampsia and pregnancy in multiples, both complications associated with preterm birth 
(Gilbert, Nesbitt & Danielsen, 1999).  In the United States and Europe, estimates of preterm birth 
amongst twins range from 42-68% with twins resulting from reproductive assistance for 
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infertility more frequently born premature.  Women who have experienced spontaneous or 
induced abortions and/or prior preterm births are also at increased risk (Johansson & Cnattingius, 
2010). 
 Smoking and substance abuse are strongly associated with preterm birth and adverse 
infant health outcomes.  Both maternal smoking and exposure to secondhand smoke increase the 
risk of preterm birth and low birth weight (Kyrklund-Blomberg & Cnattingius, 1998; Fantuzzi, et 
al., 2007).  Maternal abuse of narcotics and alcohol during pregnancy is associated with preterm 
birth, amongst numerous other negative perinatal outcomes (Kennare, Heard & Chan, 2005; 
Bada, et al., 2005). 
 Many of the risk factors for preterm birth noted are intricately and notoriously related to 
low or substandard socioeconomic status, making causal connections and conclusions about 
preterm birth difficult to isolate.  Socioeconomic influences such as race and ethnicity, 
education, social norms and belief systems, finances, quality of and access to healthcare 
resources, exposure and proximity to environmental detriments (e.g. air pollution and other 
toxins) all contribute to pre and perinatal health.   
Etiologies and Mechanisms of Preterm Birth   
Causes linked to preterm birth range from maternal medical conditions and age, abnormal 
fetal development, genetic influence, environmental exposure, assisted reproduction treatments 
(often resulting in pregnancy in multiples, an additional risk factor), socioeconomic factors and 
iatrogenic influences (Ananth & Vintzileos, 2006).  While the numerous causes of preterm birth 
vary widely by location, quality and availability of healthcare and resources, by all accounts 
preterm birth is a universal perinatal health problem of utmost significance (Ananth, & 
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Vintzileos, 2006; Goldenberg, Culhane, Iams & Romero, 2008; Johansson & Cnattingius, 2010).  
In addition, important advances in prenatal and neonatal medical care and technology have 
significantly increased the survival rates of infants born preterm, resulting in an overall increase 
in viable, but very high-risk infants (Nosarti, Murray & Hack, 2010).   
Because of the diversity of risk factors associated with preterm birth, a number of 
different etiologies have been identified: premature labor; premature rupture of membranes; 
placental abruption and vaginal bleeding; and, preeclampsia or other maternal illness (Johansson 
& Cnattigius, 2010).  These various etiologies differ according to whether the premature birth is 
spontaneous or medically-induced (Moutquin, 2003).   Most preterm birth is spontaneous, with 
medically-induced preterm delivery occurring typically in conditions of preeclampsia, or other 
maternal or fetal distress (Blondel, Macfarlane, Gissler, Breart & Zeitlin, 2006).   
 Biological pathways leading to preterm birth include genetic mechanisms, inflammation 
stemming from intrauterine infection, vascular mechanisms, neuroendocrine stress mechanisms 
and mechanical stress (Johansson & Cnattingius, 2010).  The various risk factors for preterm 
birth are interact with biological influences, with certain risk factors being particularly important 
for certain pathways.  For example, high maternal age is associated with preterm birth occurring 
as a result of inflammation, vascular complications or neuroendocrine stress response. 
The Neurodevelopment of Preterm Birth 
The uterine environment actively supports and facilitates the normal development of the 
fetal brain.5  When an infant is born preterm, in addition to being deprived of the developmental 
                                                          
5 For example, maternal connections provide the oxygen required for synaptogenesis – the creation and 
reinforcement of connections between neurons that allows neuronal communication – a process which begins well 
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safe haven that the mother’s body provides, he is thrust into a chaotic and cacophonous external 
world that requires him to employ underdeveloped systems to organize and process an 
extraordinary amount of sensory input.  Due to extreme vulnerability, underdevelopment and 
premature exposure to the elements, he is at an increased risk for neurological injury that can 
cause severe brain damage.   
Essentially, the preterm infant’s brain development proceeds on a diverging trajectory; 
depending on a number of influences (e.g. precipitating risk factors, perinatal conditions and 
degree of development), outcomes for preterm birth include mild to severe neurologic and/or 
developmental disability stemming from the interaction between the abnormal neurological 
conditions found in preterm infants and the impact of the environment (Volpe, 1998; Wood, 
Marlow, Costeloe, Gibson, & Wilkinson, 2000; Inder, Warfield, Wang, Hüppi & Volpe, 2005), 
which includes the NICU as well as postnatal maternal proximity and care (Feldman & 
Eidelman, 1998; Feldman, 2009). 
Critical periods of brain growth take place in the third trimester that prepare the fetal 
brain to adequately cope with the challenges of the extra-uterine world (Cooke, 2006a, b).  At 
around 24 weeks, structures and systems required for basic and higher-order regulatory functions 
are present and neural proliferation and neuronal migration are more or less complete; however, 
important maturational changes (e.g. synaptogenesis, myelination and apoptosis, maturation of 
bulbar and limbic nuclei and the development and refinement of neurochemical systems) that 
enable full synaptic functionality and high-level regulatory processes (such as socio-cognitive 
processes) continue to develop through the third trimester and perinatal period (Huttenlocher, 
                                                          
before the fetal brain has established the vascular system equipped to support and preserve synapses by itself 
(Bourgeois, 1997; Delivoria-Papadopoulos & McGowan, 1998). 
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1984; Levitt, 2003).  These important structures and processes, which are still “under 
construction” even after full-term birth, are needed to bring online the self- and mutual 
regulatory processes that the infant needs to survive and interact successfully.  
Neurodevelopmental Outcomes 
While preterm infants can be deemed viable as early as 24 weeks, the embryonic brain is 
still in its formative stages with crucial development yet to take place through the third trimester.  
Preterm infants commonly suffer from motoric dysfunction, associated with the cerebellum, 
and/or memory impairment, associated with the hippocampus both because these regions are still 
underdeveloped and at high risk for perinatal injury (Weindling, 2010).6  The interruption in 
environmental controls caused by the event of preterm birth alters the developmental trajectory 
of the brain.  The earlier this occurs, the infant at greater risk for structural abnormalities and 
functional connectivity problems which result in cognitive and intellectual disabilities (Nosarti, 
Murray & Hack, 2010).  
Neurodevelopmental outcomes vary greatly based on the gestational age at birth, with a 
distinct shift in outcome patterns occurring at about 32 weeks gestational age (Weindling, 2010).   
After about 32 weeks, neurodevelopmental outcome appears independent of gestational age, 
indicating that the fetus has reached some threshold or plateau that effectively reduces the risk of 
brain injuries associated with preterm birth.  Infants born prior to about 23 weeks are unlikely to 
                                                          
6 Infants born between 22 and 25 weeks of gestation are at the highest risk for brain injuries from hypoxia (lack of 
adequate oxygenation) and ischemia (restricted blood supply), due in part to the underdevelopment of the lungs at 
this stage and the inadequate morphology and distribution of the blood vessels in the brain.  These conditions often 
result in perinatal periventricular hemorrhage (PVH), periventricular leukomalacia (PVL) and/or white matter injury 
(WMI) for preterm infants (summarized in Weindling, 2010).  WMI is bilateral damage which may result not only 
in motor disability (e.g. spastic diplegia, cerebal palsy) but in cognitive processing disorders, as well (Weindling, 
2010).  PVH, PVL and WMI are severe enough in scope to dictate the viability of the infant, while non-fatal 
incidents result in serious developmental disorders and cognitive repercussions. 
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survive, having completed the process of neuronal migration just a few weeks prior (ibid.) and 
just beginning the intricate process of synaptogenesis (Bourgeois, 1997).   As such, the range of 
concerns associated with infants born between 20 and 32 weeks is typically more severe, 
sometimes dictating viability, as essential systems have not yet reached a minimally functional 
degree of growth or maturation.  Infants born after 32 weeks are less likely to suffer some of the 
more severe neurological injuries experienced by extremely preterm infants; however, they 
remain at high risk.   
Preterm Infants and Regulation 
Preterm infants are at an increased risk of developing adverse neurodevelopmental and 
behavioral outcomes infancy, childhood and adolescence (Nosarti, Murray & Hack, 2010), 
specifically behavioral, emotional and other neuropsychological problems of a regulatory nature 
(Geva & Feldman, 2008).  According to Feldman (2009), infant self-regulatory structures are  
…grounded in bodily experiences and draw on the organization of motor patterns 
and action tendencies that are transformed through carefully matched parent-infant 
coregulatory experiences into self-control skills during the toddler years.  These 
self-control abilities, which still require external monitoring, are then internalized 
[over time] into self-initiated mechanisms of regulation in the behavioral and 
cognitive domains… Interrelated aspects of self-regulation at 5 years – behavior 
adaptation, executive functions, and self-restraint – develop on the basis of 
regulatory processes across early childhood at the neonatal, infant and toddler 
stages.   
       Feldman, 2009, p. 547-548.   
 
This conceptualization of the origins and progress of self-regulatory capacities connects 
difficulties in infant-caregiver co-regulation to subsequent difficulties with self-regulation in 
childhood, particularly problematic in the presence of prematurity.  Indeed, preterm infants are 
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less easily soothed by caregivers (Als, 1995) and show marked differences in temperament 
“difficulty” at 9 months (Larroque, N’Guyen The Tich, Guedeney, Marchand & Burguet, 2005).   
In addition, preterm infants show a lower frequency of social behaviors (gaze, gesture 
and vocalization) directed towards others in response to an emotion regulation challenge, 
indicating that these infants are relying more on themselves, rather than on caregivers, to regulate 
their emotions (Evard, et al., 2011).  In line with this, longitudinal research demonstrates that 
preterm infants manifest less structured emotional behaviors at 2 and 3 years of age than full-
term controls (Clark, Woodward, Horwood & Moor, 2008; Delobel-Ayoub, et al., 2006).  
The prevalence of psychopathology in infancy (DC: 0-3) is significantly higher for 
infants born preterm than for full term infants (Janssens, Ulvin, Van Impe, Laroche, Van 
Reempts & Deboutte, 2009).  Preterm infants show reduced executive function at 8 months 
(corrected age) when compared with full-term controls (Sun, Mohay, & O’Callaghan, 2009).  
These infants also perform less well and less efficiently on perception-recognition, memory and 
attention tasks (de Haan, Bauer, Georgieff, & Nelson, 2000; Rose, Feldman & Jankowski, 2005; 
Van der Weijer-Bergsma, Wijnroks, & Jongmans, 2008).   
Researchers have found that children who were born preterm are at an increased risk for 
ADHD and other behavioral problems when evaluated at school-age (for review, see Bhutta, 
Cleves, Casey, Cradock & Anand, 2002; also, Gray, Indurkhya & McCormick, 2004; Abernethy, 
Cooke & Foulder-Hughes, 2004) and multiple long-term studies have shown that psychosocial, 
academic and behavioral problems persist through adolescence (e.g. Grunau, Whitfield & Fay, 
2004; Hack, et al., 2002; Indredavik, et al., 2005).  Significant impairment in executive 
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functioning has also been found in young adults who were born very preterm (Nosarti, 
Giouroukou, Micali, Rifkin, Morris & Murray, 2007).   
Models of Infant Regulation. 
Porges articulates in The Polyvagal Theory (2011) how the early development of the 
ANS serves as a “neural platform” for regulatory and social behavior.  Because of the critical 
nature of late fetal autonomic nervous system (ANS) development, preterm infants are at a high 
risk for ANS dysfunction. Porges’ polyvagal theory describes the physiological underpinnings of 
self-regulation, emotional experience and reciprocal social engagement as they relate to the ANS 
and the multiple functions of the Xth cranial nerve, the vagus nerve.   
The brain is composed of two primary systems, the central nervous system (CNS, the 
brain and the spinal cord) and the peripheral nervous system (PNS, outside of the brain and 
spine) which includes the ANS. The ANS regulates organs and bodily functions and operates 
outside of awareness.  It consists of two complementary branches, the sympathetic (SNS, 
excitatory, “fight or flight”) and the parasympathetic (PSNS, inhibitory, “rest and digest”) 
nervous systems. Cardiac vagal tone describes the functional relationship between the brainstem, 
which is responsible for physiological homeostasis, and the heart.  Vagal tone reflects individual 
differences in degrees of influence of the vagus nerve on the heart – strong vagal tone indicates 
the organism’s ability to maintain relative homeostatic stability and optimal flexibility in the face 
of stress (Porges, 1991, 2011).  
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Certain elements of the ANS, including the circuit of vagal efferents from the brainstem, 
the heart rely on myelination to achieve functionality.7  According to Porges (2011), this vagal 
brake circuit influences essential regulatory processes for the infant, including “(1) improved 
reactivity and recovery of the ingestive-vagal reflexes involved during feeding, (2) expanded 
capacity to self-regulate and calm, and (3) improved abilities to both spontaneously engage and 
to be soothed by others” (p.126-127).  Because prematurity interrupts the extension and 
myelination of vagal axonal fibers, it may result in “atypical maturation” of this vagal circuit 
which includes the interconnected areas of the brainstem, cortices and the striated muscles of the 
face, heart, head and neck enervated by the vagus.  These areas are well established as important 
for the felt experience, expression and communicative function of emotions (Ekman & Friesen, 
1971; Ekman, 1993; Damasio, 1998, 1999a, b).  
 The consequences of a compromised ANS and disrupted vagal brake development 
include a lower level of respiratory sinus arrhythmia (RSA),8 inefficient reactivity and recovery 
of the vagal braking system, disturbed behavioral state regulation, poor affective expression and 
control and a dampened capacity for social engagement (Porges, 2011, p. 133-150).  Vagal tone, 
how well the organism reacts and responds to stress according to the heart, is thus an important 
mediator of affect and engagement (Porges, 2011, 1991).  As such, the polyvagal theory provides 
                                                          
7 Myelination of the brain begins around 23 weeks’ gestation and continues through adolescence, with important 
spurts occurring between 30-32 weeks gestational age through 6 months postpartum (Sachis, Armstrong, Becker & 
Bryan, 1982).   
 
8 Respiratory sinus arrhythmia (RSA) is the naturally occurring rhythm of the heart rate that fluctuates in a regular 
pattern according to spontaneous breathing.  RSA is used as a measure of parasympathetic nervous system activity 
particularly in terms of RSA reactivity to and recovery from stress or challenge.  Lower RSA denotes a lower 
threshold of reactivity (more reactive) and more difficulty in recovering from stressors, while higher RSA indicates 
more efficient reactivity and recovery. 
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an informative framework for the regulatory challenges of the preterm infant, particularly in the 
context of reciprocal social interaction, an important component of co-regulation. 
Geva and Feldman (2008) present a coordinated clinical-neurobiological model 
demonstrating the effects of early brainstem development on behavior and emotion regulation as 
applied to at-risk infants, specifically those born preterm.  This model identifies the brainstem 
and related sub-cortical systems, evolutionarily the oldest and most “basic” structures associated 
with regulation (i.e. state, awareness, arousal and attention, see Panksepp, 2005), as the 
foundation for complex affect regulatory capacities and deficits in early childhood.    
In this model, the functions of the brainstem, the limbic system and the cortical systems 
involved in infant regulation are drawn together in a “vertical, integrative, hierarchical and 
interdependent” manner.  The brainstem functions at the very base, directing the physiological 
regulation of cyclic processes and sensory integration (e.g. vagal regulation and circadian 
rhythms).  On the second tier falls emotion and attention regulation processes that utilize both 
brainstem and limbic systems, including emotion regulation and stress reactivity as well as co-
regulatory processes.  Finally, the higher-order capacities of socio-emotional self-regulation, 
inhibitory control and cognitive processing that involve cortical structures come into play.   
Following this model, preterm infants with various brainstem dysfunctions have been 
shown to have reduced capacities in executive functioning, arousal modulation and attention 
regulation (Gardner, Karmel & Flory, 2003; Karmel, Gardner & Freedland, 1996).  Disruptions 
in development in the brainstem result in complex repercussions in a manner that trickles up and 
out from the more basic structures and systems to the more complex.   
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Developmental psychophysiology offers several important tools with which researchers 
can probe deeply into the experience of the preverbal infant, before he is able to demonstrate 
complex behaviors or provide verbal responses (Reynolds & Richards, 2008).  Heart rate 
measures are collected from ECG (electrocardiogram) readings making them one of the best 
non-invasive and widely available measures for human fetal and infant neurological and 
behavioral development (Kisilevsky & Brown, 2015). Heart rate measures such as vagal tone 
reflect the functioning of the autonomic nervous system (ANS) as well as cognitive and 
behavioral capacities of sustained attention and level of general arousal (Reynolds & Richards, 
2008). 
The NICU and the Significance of Maternal Separation 
Continued progress in modern technologies and the introduction of individualized 
developmental care has resulted in an overall improved standard of neonatal intensive care unit 
(NICU) care in developed countries (Merenstein, 1994).  The now widespread use of prenatal 
corticosteroids and postnatal surfactant has drastically improved survival rates and outcomes for 
preterm birth since the 1990s (Jobe, Mitchell & Gunkel, 1993; Spinillo, et al., 2004).  However, 
the NICU is an isolating and stressful place for the project of development.  As more infants are 
born premature and younger preterm neonates are deemed viable, more infants than ever now 
occupy NICUs.  NICUs are designed to focus on the pressing medical needs of the fragile infant, 
namely, survival and medical health, however, common NICU methods have been shown to 
adversely affect development (Field, 1990; Als, et al., 1994; Feldman & Eidelman, 1998).  
Promoting the physiological stability of the infant’s immature organ systems typically 
requires the use of elaborate, invasive medical interventions associated with high levels of pain 
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exposure (Mitchell, Brooks, & Roane, 2000; Rohan, 2016).  Isolette confinement is associated 
with prolonged maternal separation and sensory deprivation resulting from limited visual, tactile, 
auditory and olfactory stimuli (Feldman, Weller, Sirota & Eidelman, 2002).  As a result, NICU 
infants may experience “stimulus overload” in response to routine nursery care, resulting in high-
level, repeat physiological and behavioral stress response patterns that cause physiological 
damage and disrupt infant-caregiver bonding processes (p. 194).  In addition, infant exposure to 
stressors in the NICU has been associated with alterations in brain structure and function (Als, 
Duffy, McAnulty et al., 2004); specific effects include decreased frontal and parietal lobe width, 
altered functional connectivity in the temporal lobes, and in particular, the right temporal lobe 
(Smith, et al., 2011).  These data suggest the unique vulnerabilities of preterm infants when 
exposed to high stress environments directly affects neurodevelopment, including areas of the 
frontal lobes and right brain which are associated with affect regulation capacities.   
Premature infants whose medical needs necessitate NICU treatment are deprived of the 
benefits of typical maternal care and nurturing physical contact due to the medical need for a 
controlled, sterile environment.  According to Feldman and colleagues (2002), “Prematurity thus 
creates a unique phase in the life of the human infant, a period in which portions of the 
newborn’s prenatal development take place in an extrauterine environment under conditions of 
maternal separation” (p. 194).  Maternal influences in utero have been shown to set the stage for 
infants’ patterns of stress reactivity, affect regulation and behavioral organization through 
genetic expression, environmental and nongenomic9 effects (for review, see Gunnar & Quevedo, 
                                                          
9 Nongenomic effects are changes in neurodevelopment caused by conditions in either the prenatal or postnatal 
environment, including caregiver behavior and relational processes, which can be passed down through generations.  
Nongenomic effects have been identified in animal studies of maternal stress reactivity and offspring outcomes 
(Francis, Diorio, Liu, & Meaney, 1999; Ladd, Huot, Thrivikraman, Nemeroff, Meaney, & Plotsky, 2000; Ladd, 
Huot, Thrivikraman, Nemeroff, & Plotsky, 2004) and are theorized to work similarly in humans. 
VOCAL RHYTHMS AND PRETERM INFANTS 
 
23 
 
2007; Lange, 2011).  Typical conditions of maternal proximity and social interaction in infancy 
and early childhood help to establish affect regulation strategies and stress reactivity schemas 
(Schore, 1996; Polan & Hofer, 1999).  As Feldman et al (2002), describe, maternal proximity 
involves the whole body, multi-sensory experience of the mother, including his or her “unique 
social and affective style” (p. 202).  Thus, the physical separation of mother and infant in early 
infancy has serious short and long-term consequences for the infant’s ability to regulate himself 
and to effectively manage stress physiologically (Barrett & Fleming, 2011), as well as depriving 
the pair of a mutual emotional entrainment period necessary for optimal co-regulation.  
Most levels of such contact are severely disrupted in the case of preterm birth due to 
standard care NICU procedure.  Perinatal interventions that incorporate increased maternal 
proximity, including “Kangaroo Care” (KC) – a skin-to-skin program of maternal contact and 
sensory stimulation – have been shown to improve self-regulation including sleep-wake cycles, 
arousal modulation and the regulation of negative emotions as well as enhancing the extrinsic 
capacities of shared engagement and effortful exploration (Tessier, et al., 1998; Feldman, et al., 
2002; Feldman, Eidelman, Sirota & Weller, 2002).  Aspects of Kangaroo Care are often 
incorporated into NICU standard care, though this is typically done at the discretion of NICU 
staff and depends not only on staff initiative but also on pragmatic constraints such as adequate 
staffing, time, and appropriate staff training.  
From the moment the infant is born, preterm dyads are at a massive disadvantage 
compared to full-term mother-infant dyads.  The unfortunate confluence of prematurity forces 
the premature infant to cope with his fragile medical state and underdeveloped physiology, 
spending his first weeks under the stressful conditions of the NICU, without the maternal 
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resources typically afforded to full-term infants; however, the mother is also at social and 
emotional risk.   
The Influence of Maternal Depression and Anxiety 
Maternal symptoms of depression and anxiety have been shown to dramatically influence 
dyadic and infant outcomes in the absence of prematurity (Field, 1992, 1995, 2010; Teti, 
Gelfand, Messinger & Isabella, 1995; Murray & Cooper, 1997).  Infants of depressed mothers 
display less positive affect overall and depressed mothers are less able to coordinate their vocal 
behavior (Campbell & Cohn, 1991; Field, Healy, Goldstein & Guthertz, 1990). In addition, these 
infants are also more likely to develop insecure and disorganized attachment styles (Murray & 
Cooper, 1997; Lyons-Ruth, Repacholi, McCleod & Silva, 1991).  Tronick & Reck (2009) found 
that negative effects of maternal depression on the quality of mother-infant interactions are 
present regardless of whether mothers are clinically depressed or have high depressive 
symptomatology, creating “a more depressive affective climate” for the infant (p. 150).   
Maternal depression and anxiety have also been shown to impact the infant’s capacity for 
social engagement, fear regulation and stress reactivity (Feldman, et al., 2009). Depression 
affects mothers’ ability to synchronize with “micro-states of affective arousal” (Feldman, et al., 
1999, p. 937) and alters her ability to provide consistent and predictable care (Field, 1992; 
Murray & Cooper, 1997).  Infants with depressed mothers have difficulty repairing negative 
affective mismatches, and thus spend more time in negative affective states which interferes with 
the development of control and mastery for both mother and infant (Tronick & Reck, 2009).  
These infants are significantly over-aroused physiologically and, as a result, they are inordinately 
occupied with self-regulation tasks as compared to being more optimally driven by interactive 
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regulation (Field, 1995; Tronick, 1989; Weinberg & Tronick, 1998).  Depressed mothers are 
otherwise preoccupied, withdrawn and unable to provide adequate regulatory services for their 
infants (e.g. basic daily soothing), leaving infants to “fend for themselves” when it comes to 
basic regulatory processes.   
Beebe and colleagues (2007; 2008) demonstrated that maternal depression symptoms at 6 
weeks postpartum influenced the predictability within and between mother-infant partners in a 4 
month face-to-face interaction.  Specific modalities of the face-to-face exchange that were 
investigated included attention, affect, orientation and touch, as well as a multimodal measure of 
facial-visual engagement (Beebe & Gerstman, 1980).  They found that with higher depressive 
symptoms, self-contingency of both partners was lowered across most modalities, which 
indicates that there is a decrease in one’s ability to know one’s own “next move” (Beebe, 
Lachmann, et al., 2012, p. 384, 397).  In addition, they found a complex intermodal set of results 
that demonstrated that maternal depression influenced mother and infant affect and behavior, 
illustrating dyadic discord across modalities in the presence of maternal depression.  
Gratier and Apter-Danon (2009) describe depressed mothers suffering from sub-optimal 
emigration experiences as having difficulty sustaining “lively and exciting” vocal action 
exchanges, the essence of “communicative musicality” (p. 312).  “In a sense, [the dialogue] loses 
its temporal ‘flow’ – mother and infant no longer seem able to share ‘inner time,’ neither to 
consolidate their relationship nor to develop new pathways for shared experiences (pg. 312).  
Temporally coordinated interaction, characterized by coordinated rhythm, prosody and 
interactive dynamics, forms the foundation of spontaneous proto-conversation in the first months 
of life.  Maternal depression significantly disrupts the flow of mother-infant dialogue and alters 
that essential foundation.  
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Maternal Depression and Anxiety in the Context of Prematurity.   
Predictably, mothers of preterm infants experience high levels of anxiety and depression 
(Glazebrook, et al., 2007; Nicolaou, Rosewell, Marlow & Glazebrook, 2009).  Mothers of 
preterm infants are faced trauma of preterm birth, and subsequent medical complications in both 
herself and her infant, as well as the pain of separation from her infant while he is remains in the 
hospital.  Mothers are also at increased risk for post-partum depression and increased symptoms 
of anxiety (Brooten, et al., 1988; Shah, Clements, & Poehlmann, 2011) and often are so focused 
on their infants, they do not seek the mental health services that they need, which may ultimately 
leave them less emotionally available for the infant. Studies also show that depressed mothers of 
preterm infants show a withdrawn pattern of passivity and less emotional involvement during 
mother-infant interactions, as compared to non-depressed mothers of preterm infants (Murray, 
1992; Murray, Fiori-Cowley, Hooper, & Cooper, 1996; Korja, et al., 2008).   
Empirical work has shown that maternal anxiety has negative effects on the quality of 
mother-infant interactions in preterm dyads such that high anxiety mothers are more intrusive 
with greater activity levels and less sensitivity to infant cues (Crnic, Greenberg, Ragozin, & 
Basham, 1983; Wijnroks, 1999).  In addition, numerous studies have reported higher levels of 
maternal stimulation in preterm infant dyads compared to full-term dyads (Goldberg & DiVitto, 
1995).  It has also been shown that higher levels of maternal intrusiveness and overstimulation 
are associated with insecure-avoidant attachment styles, including full-term and preterm dyads 
(Isabella & Belsky, 1991; Wijnroks & Kalverboer, 1997).   
Anxious mothers have difficulty managing the stress of caring for a preterm infant, 
particularly one who may be difficult to engage.  Depressed mothers with a withdrawal pattern 
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may not pick up on and engage with what little preterm infants have to offer.  Preterm infants 
may appear passive, sleepy or unresponsive which may discourage parents from their attempts to 
interact, particularly if parents are anxious or depressed (Nicolaou, et al., 2009).  In addition, 
preterm infants demonstrate less positive arousal and more negative arousal at 4 months 
corrected age, as compared to full-term infants (Eckerman, Hsu, Molitor, Leung & Goldstein, 
1999).  As such, the infant’s limited capacities for engagement interact with the mother’s nascent 
ability to provide sensitive and responsive caregiving.   
Maternal Experiences of Preterm Infants 
Research on mothers’ experience of their preterm infants has revealed pervasive themes 
that negatively influence the mother-infant relationship in the NICU and after discharge 
(Nicolaou, et al., 2009).  In a qualitative study based on interviews, Nicolaou and colleagues 
found that mothers described feeling detached and incompetent in the NICU and insecure and 
unprepared to care for their infants at home after discharge.  In the first several weeks at home, 
mothers described their infants as being sleepy and even unresponsive, making quality 
interactions challenging and largely unfulfilling.  
Themes reported by mothers upon reflection of their NICU experiences included feeling 
that, while hospital staff sometimes promoted interaction, the hospitalization itself was a barrier 
to interaction.  As noted by one mother in the Nicolaou and colleagues study, “’We had our first 
cuddle at ten days old, and it wasn’t an official cuddle… they were basically changing 
incubators around and I happened to be sitting there… it sounds awful, but I didn’t really enjoy 
it’” (p. 186).  Mothers also described feeling confusion and detachment being in a novel hospital 
environment and being only peripherally involved in their infant’s care.  “’We had to ask if we 
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wanted to hold her, or change her nappy, or do anything.  So it didn’t really feel like she was 
ours’” (p. 186).   
On the positive side, mothers in the Nicolaou et al., study (ibid) reported that their 
interactions with infants improved over time, as the child matured and mothers’ confidence 
grew.  Mothers suggested that infants had begun to be more alert and responsive over time which 
helped mothers to have more fulfilling interactions.  Researchers also suggested that this 
perceived improvement could be attributed to mothers’ improved caretaking and interacting 
abilities, and as mothers and infants acclimated to each other.   This finding is encouraging, 
however, it does not take away from the impact of a rocky and unstable first several months.   
Maternal Attachment Representations of Preterm Infants.   
Research demonstrates that the social and cognitive development of high-risk premature 
infants is buffeted by maternal influences in early months, particularly maternal attachment 
representations (Feldman, Weller, Leckman, Kuint, & Eidelman, 1999; Borghini, et al., 2006; 
Korja, et al., 2009; Meijssen, et al., 2011).  Some researchers detail a pattern of mothers’ 
insecure attachment representations toward their premature infants, with increasing disturbance 
in attachment representations tied to the severity of postnatal risk or degree of prematurity 
(Feldman, et al., 1999; Borghini, et al., 2006).   
Feldman and colleagues (1999) describe the critical importance of mother-infant 
bonding, and the negative impact on both partners when mothers and infants are physically 
separated from each other early.  Their study tested the effects of separation, proximity and loss 
on maternal bonding using Winnicott’s (1956) concept of “primary maternal preoccupation” - 
which describes the typical and adaptive obsessive-compulsive orientation of the mother with the 
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infant in the first few weeks after birth, crucial in the formation of bonding and early attachment 
(Cohen & Slade, 2000).  
On examining the mother’s thoughts, feelings, behaviors and attachment representations 
of her infant, they found that mothers of typical, full-term babies experienced medium-to-high 
levels of thoughts and worries pertaining to infants.  Limited separation, as with a short NICU 
stay, increased these preoccupations.  “However, with prolonged separation and concerns with 
potential loss, these thoughts and worries decrease [italics added].  At a certain point on the 
continuum from proximity to loss, the highly arousing state of ‘separation’ turns into the 
diminished reactivity characteristic of ‘loss’” (Feldman, 1999, p. 936).  Thus, in their study, 
mothers struggled to maintain a healthy state of preoccupation in the face of severe prematurity. 
With regard to both “affiliative behaviors” and attachment representations, frequencies 
showed linear decline with limited separation with deeper decline when the danger of loss was 
present.  Feldman and colleagues suggest that mothers experiencing typical primary maternal 
preoccupation with healthy infants are able to utilize adaptive coping strategies to manage such 
thoughts, and additionally, they are able to draw strength from positive bonding experiences with 
their infant (i.e. feelings of competence in caregiving and successful soothing) (p. 937).  Limited 
and prolonged separation that occurs with infants who require prolonged NICU care, however, 
was associated with heightened levels of maternal anxiety not moderated by the adaptive 
bonding experiences available to full-term dyads.   
Together, these findings support the conclusion that the severity of infant prematurity 
greatly impacts mothers’ ability to form quality attachment representations.  Furthermore, 
maternal anxiety and depression can interact with the severity of prematurity, causing more 
VOCAL RHYTHMS AND PRETERM INFANTS 
 
30 
 
difficult bonding conditions for more premature infants. Parents face unique challenges in 
preterm infant caregiving as they are immediately confronted with their infant’s fragile medical 
state and his tenuous future.  Coping with these powerful issues is a heavy task for parents under 
the most optimal of circumstances.  
 In conclusion, preterm infants are at great risk that is multi-fold, reflecting an altered 
developmental trajectory from the moment their preterm birth is set in motion.  Preterm infants 
must cope with underdeveloped biological systems and perinatal physiological challenges, all in 
the suboptimal context of the NICU.  Their struggles are often compounded by compromised 
dyadic relationships, as mothers and fathers must cope themselves with the unique stress of 
parenting a preterm infant.  The dyadic system faces extraordinary challenges in infancy that 
echo through childhood, as preterm infants remain at higher risk for regulatory dysfunction, 
psychopathology and learning disorders, as well as dysregulated and suboptimal social 
development.  Mothers are faced not only with the challenges inherent to having an infant, but 
multiplied exponentially by her infant’s medical problems, coping with the NICU and learning to 
parent a complex and atypical infant.  Though the plight of the preterm infant is well-
documented, there remains much to learn about with regard to the preterm mother-infant dyadic 
system.  In the Part II, the research on dyadic systems, microanalysis, and vocal rhythms will be 
reviewed, building the foundation for the research methods used in the present study.  
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Part II: Dyadic Research, Microanalysis and Vocal Rhythms  
For decades, researchers have delved deep into the world of the infant using increasingly 
detailed observational methods in an effort to understand infancy. The interpersonal school of 
psychology (Sullivan, 1940), attachment theory (Bowlby, 1969) and the school of object-
relations theory (Greenberg & Mitchell, 1983), like many positions in psychoanalysis, 
understand infancy to be a powerful formative period with profound iterative and recursive 
effects throughout the lifespan.  Having shed the notion of Mahler’s passive, autistic phase of 
early infancy (Mahler, Pine & Bergman, 1975), researchers have replaced it with an appreciation 
of the infant as a tiny yet very active, relentless social scientist with rapidly maturing 
physiological systems in play (e.g. Stern, 1985; Gopnik, Melzoff & Kuhl, 1999).  Taken 
together, these positions from psychoanalysis and contemporary research hold that while the 
infant is active, he actualizes in the context of his partners.  In contemporary view, the infant is 
not only himself, but an integral part of a relationship, known and knowing within, affecting and 
affected by the contexts of his environment and his caregivers.  As such, for many infant 
researchers, the dyad has become as the irreducible unit of study.   
Only in relation to others do we develop and grow and learn to develop a sense of 
personal identity over time.  The infant’s dependence on his caregivers necessitates and 
reinforces interpersonal exchanges that solve moment to moment problems such as hunger and 
comfort, while simultaneously strengthening social bonds over time.  While the mother shares 
her regulatory functions (both within and out of her awareness) and socializes her infant, the 
infant provides meaning and social rewards for his mother.  Partners in the mother-infant dyad 
are defined in relation to the other, a concept that can be carried deeply into the 
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conceptualization, definition, operationalization and even statistical design of dyadic research 
(e.g. Jaffe et al., 2001; Beebe, et al., 2016).  
  Schore (1994; 2001a, b) articulates a theory of infant development that explains the 
crucial nature of affect regulation and dyadic co-regulation in the infant’s first year.  His 
summary work connecting neurobiology of emotion and regulation emphasizes the importance 
of right brain connections between caregivers and infants toward the infant’s project of 
attachment.  The developing relationship between caregivers and infants is the key to the infant’s 
burgeoning ability to regulate emotion and physiological states, driven by his autonomic nervous 
system.  Caregivers provide organization, rhythm and structure to interactions which the 
inchoate, preverbal infant requires.  Nonverbal communication of shared experiences (e.g. facial 
expressions, gestures, touch, prosody and rhythm of vocalizations) takes place via “right brain to 
right brain” transactions, utilizing the emotional limbic system and the regulatory ANS 
pathways, as well (Schore, 1994; Siegel, 1999).  This right brain relationship reinforces 
emotional bonds and other patterns of relatedness.  The infant automatically encodes interactive 
patterns and relationships as “internal working models” (Bowlby, 1969) and stores them in an 
implicit, procedural mode.   
These models of primary relationships, coded as implicit memories, are used to build his 
sense of himself and his self in relation to others (Schore, 1994; 1996).  They directly influence 
his strategies for processing, interpreting and regulating emotional experience.  As such, the 
quality of nonverbal communication between infants and caregivers heavily influences the 
trajectory of attachment relationships (Siegel, 1999; Schore, 2001a, 2005; Beebe, et al., 2010, 
Beebe, Lachmann, et al., 2012).  In addition, nonverbal communication patterns scaffold the 
infant’s nascent abilities to engage with and process social information and to regulate himself 
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physiologically during interpersonal interactions, setting the stage for social and emotional 
outcomes.  
Relationships are the cornerstone of human nature (e.g. Fogel, 1993; Siegel, 1999; 
Schore, 2005; Atzil, Hendler, & Feldman, 2011).  Observing caregivers and infants in the 
naturalistic, face-to-face interaction allows researchers to access the dynamics of these 
fundamental relationships.  Specifically, mother-infant “dialogue”10 is thought to be influential in 
the development of the pre-symbolic self and object representations, necessary to the infant’s 
emerging sense of himself and others (Beebe & Lachmann, 1994; Beebe, Lachmann & Jaffe, 
1997).  By experiencing himself in his social system, the infant begins to see himself as both 
autonomous and related (Stern, 1985). In addition, the mother-infant interaction contains strong 
undercurrents of biological and social rhythms which gradually shape the relationship through 
temporal means (Feldman, 2006).  
As with any dialogue, by nature, both partners are listeners and communicators, actively 
affecting each other and, at the same time, taking input from the other.  Infant researchers have 
capitalized on the infant’s numerous competencies (such as non-nutritive sucking and looking 
behaviors) to better understand the infant’s cognitive and communicative abilities in the context 
of “proto-conversations” and dialogical exchanges (Beebe, Alson, & Jaffe, 1988; Jaffe et al., 
2001).  In the realm of vocal action-exchange, and in the absence of the linguistic elements of 
                                                          
10 For the present purpose, the term “dialogue” denotes an interpersonal expressive and responsive signaling 
exchange of information with a foundation of shared intentionality and joint attention.  In this inclusive sense, 
dialogue is any reciprocal action exchange between individuals that can be perceived as a “back and forth,” a 
conversation between the partners of a “we.”  This definition allows for meaningful conversation to take place in the 
absence of typical adult language, instead using the infant’s growing repertoire of competencies.  The concept of 
mother-infant dialogue has roots in the theory of Rene Spitz (1963), as discussed in Jaffe, et al., 2001.  
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language, the dyad relies on prosody and features such as the temporal pattern, rhythm and 
timing of vocalizations for meaning-making and content-sharing.    
Infant Sensitivity to Temporal Information 
The mother-infant vocal action exchange is a specific modality of interpersonal 
engagement that emphasizes timing and rhythmicity (Stern, Jaffe, Beebe & Bennett, 1975; 
Ginsburg & Kilbourne, 1988; Jasnow & Feldstein, 1986; Jaffe et al, 2001).  Timing and rhythm 
in the mother-infant interaction are critical features of the infant’s emergent social dialogue, 
helping him to forge the bonds of attachment with his caregivers and to provide him with a sense 
of agency and effectiveness (Lester, Hoffman, & Brazelton, 1985; Fogel, 1977; Feldman, 2006).  
Research has shown that timing is a critical component of interpersonal coordination 
(Schaffer, 1977; Jaffe & Feldstein, 1970) and of the attachment system (Brazelton, Kozlowski, & 
Main, 1974; Beebe, Lachmann, et al., 2012).   The patterns embedded in interactions allow the 
infant to develop temporal expectations which, in turn, help him to organize his internal 
experience of his mother (Stern, Beebe, Jaffe & Bennett, 1977; DeCasper & Fifer, 1980) and, 
likewise, allow the mother to better predict and understand her infant (Lester, Hoffman, & 
Brazelton, 1985).  Understanding the infant’s capacities in auditory temporal processing and 
sensitivity to vocal information will allow for a greater appreciation of the significance of 
mother-infant vocal interactions.  
Research from the fields of linguistics and language acquisition supports the perspective 
that the quality of mother-infant vocal interaction contributes to later language development.  
Researchers have demonstrated through longitudinal methods that language exposure predicts 
the growth rate of infant language and that infant speech perception is significantly correlated 
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with later language skills (Tsao, Liu, & Kuhl, 2004).  Infants make use of prosodic cues in 
conversation (changes in tone, stress and rhythm, e.g. “motherese”) to organize and interpret 
language which actually facilitates language acquisition (Kemler Nelson, Hirsh-Pasek, Jusczyk, 
& Cassidy, 1989; Kuhl, 2004). Interactive rhythms are also integral to the later development of 
language as infants use temporal expectancies to engage with and manipulate repetitions of 
communicative rhythms in the service of language-learning (Houston & Jusczyk, 2003). 
Research on auditory processing in infancy indicates that infants utilize numerous 
competencies to interpret auditory information from spoken language (Trehub, 1993; Schnupp, 
Nelken & King, 2012).  Across their first year, infants are sensitive to many aspects of speech 
and language and are sensitive to both language-general (Saffran, Aslin, & Newport, 1996) and 
language-specific cues (Jusczyk, Cutler & Redanz, 1993).  Researchers have noted infants’ 
ability to discriminate between vowel sounds (Kuhl, 1979, 1983), identify specific talkers 
(Remez, Fellowes, & Rubin, 1997) and the sex of adult talkers (Houston & Jusczyk, 2000).  
Even in utero, fetuses have the ability to recognize vocal rhythms, such as the rhythm of a story 
read to them in the third trimester (DeCasper & Fifer, 1980; DeCasper & Spence, 1986). 
Infants are also sensitive to regularities in speech and can parse words from fluent speech 
(Houston, Jusczyk, Kuijpers, Coolen, & Cutler, 2000).  They can also perceive rhythmic units in 
adult speech to make use of the cadence of adult speech (Echols, Crowhurst, & Childers, 1997).  
Using a process known as “rhythmic grouping,” to segment speech, infants can identify aspects 
of speech by using the intensity and duration of syllables, suggesting that infants are highly 
sensitive to temporal patterning (Hay & Saffran, 2012).  Baruch & Drake (1997) found that 
infants two and four months old can reliably discriminate between very small tempo changes 
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indicating that extreme sensitivity to timing at a very early age is nearly on par with adult tempo 
discrimination.   
Jones and Boltz (1989) posit that the temporal patterning of words, pitch and other 
auditory information affects our attention to that information. They describe highly coherent 
events such as speech and music as structurally predictable and exhibiting distinct rhythmic 
patterns.  Listeners of highly coherent sound events can track information efficiently to engage in 
future-oriented, or dynamic attending, without wasting attention on continuous monitoring 
processes required for less coherent events.  As a result, listeners can generate expectancies 
about future instances and events and become attuned to the rhythmic pattern of the stimulation.  
According to Trehub,  
Infants seem to inhabit an auditory temporal world that is similar, in many respects, to that 
of adults.  Thus, they may well engage in dynamic listening, effectively employing their 
limited attentional resources well before they acquire linguistic knowledge.  Indeed, such 
listening strategies may facilitate the acquisition of language.   
Trehub, 1993, p. 146  
Research supports this idea with evidence that infants have an increasing capacity to encode 
sound patterns in implicit, short and long-term memory and to generalize to new instances, thus 
utilizing their developing sensitivities to the structure of speech to engage with complex features 
of language well before their first words (Houston & Jusczyk, 2003).  Jaffe and colleagues (Jaffe, 
Stern, & Peery, 1973) found that infant-adult gaze behavior mirrored adult verbal conversations 
in terms of mathematical properties found at the gross temporal level.  They suggested that these 
Markovian chain regularities represent an important universal property of human 
communication, predating the onset of linguistically-based speech.  As such, infants have both 
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the internal capacities and nascent skills necessary to operate on an “adult-like” dialogical level 
in terms of temporal perception (Jasnow & Feldstein, 1986).   
Dynamic Systems Views of Communication 
As a wealth of research illustrates, the quality of conditions and context drive the project 
of infant development (e.g. Hane & Fox, 2006; Feldman, 2006; Barrett & Fleming, 2011).  
Dynamic systems views account for the complexity of development, allowing for intricacies and 
interplay between forces.  Using infant vocalization as an example, from a traditional, non-
dynamic view of language development infant vocalization patterns develop from a stage-based, 
Piagetian perspective: infants independently and creatively explore their ability to create sound 
from their anatomical vocal system, with no adult guidance or intervention required (Piaget, 
1995/1965; Oller, 1981).  This way of understanding infant development implies that vocal 
functions and communicative skills emerge in a normative and inevitable stage-wise manner.  By 
contrast, a dynamic perspective posits that the social element is critical to normative vocal 
development such that vocal production and social interaction are complexly interrelated 
processes (Fogel, 1993; Stark, Bernstein & Demorest, 1993; Vihman, 1996; Locke & Snow, 
1997; Hsu & Fogel, 2001).   
For instance, Hsu and Fogel (2001) explored infant vocal development in the context of a 
dynamic mother-infant communication system, taking a relational approach. Their work suggests 
that infant vocal development is not adequately explained by activity “within the child” or within 
the mother, but is better described by what goes on within the dyad, consistent with recent work 
with a dyadic systems model (Beebe, et al., 2016).  They found that prelinguistic patterns 
observed in non-distress vocalization are tightly related to the co-created relational processes of 
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the dyad.  Thus, “the developmental history of the communication within individual dyads may 
be critical to the quantity and the quality of vocal production” (Hsu & Fogel, 2001, pg. 105).   
This social interactive perspective inextricably links infant vocal patterning and 
development with social influences.  The relational, dynamic model emphasizes the co-creation 
of infant vocal patterns, implicating both social, context driven communication as well as an 
independent learning style and language development approach. Hsu and Fogel describe this 
model of communication as “a dynamic process, characterized by continuously coordinated and 
mutually regulated actions by both partners (p. 89).  
Sullivan (1940) proposed that “a personality can never be isolated from the complex of 
interpersonal relations in which the person lives and has his being” (pg. 90).11  Consistent with 
Sullivan’s statement, and with dynamic, nonlinear models (Warner, 1992; Thelen & Smith, 
1994, Smith & Thelen, 2003), the dyadic systems view of communication promoted by Jaffe and 
colleagues (2001, see also Beebe, Jaffe, & Lachmann, 1994) utilizes the salient principles of 
dynamic systems theory, complexity, continuity in time and dynamic stability (Thelen, 2005) to 
describe the depth and scope of interpersonal communication.   
The dyadic systems view of interpersonal communication reflects the complex and 
iterative self- and interactive mechanisms at play in human dialogue, as they unfold over time.  
As Jaffe and colleagues explain:  
In a dyadic systems view of communication, each person’s behavior is created in the 
process of joint coordination, or mutual influence.  This systems assumption affects the 
way we record, the dyadic scoring of the vocal states, the selection of statistical methods 
                                                          
11 As discussed in Jaffe, et al., 2001, in the context of support for the dyadic systems theory.  
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to evaluate bidirectional coordination, and the choice of the outcome measures, both [sic] 
of which are construed as fundamentally dialogic.   
Jaffe, et al., 2001, pg. 21 
Moving away from linear stage-theory and viewing development as a dynamic, 
transactional and context-driven is an important feature of broader systems theories. The systems 
view diverges from a traditional stepwise, linear cause and effect paradigm and instead allows 
for the complexity of simultaneous sending and receiving, approaching and perceiving, emoting 
and processing capacities of the human mind and of dynamic interactions between individuals.   
Infants as Socially Contingent Partners 
As discussed, infants take an active role in social communication from an early age.  
Infants have the capacity to detect minute aspects of tempo and rhythm, particularly within the 
dyadic interaction, and are highly sensitive to caregiver influence.  Early experiences with 
caregivers produce procedural expectancies (conceptualized as internal working models, 
Bowlby, 1969; Beebe, Lachmann, et al., 2012) which aid across numerous domains of 
development, including the development of the self and intersubjectivity (Stern, 1985; 
Trevarthan, 1979; Beebe, & Lachmann, 1994; Papoušek, 2007), as well as the process of 
socialization (Watson, 1985).  Infants also use contingent experiences with caregivers as they 
develop their capacities and skills in areas of language and cognition (Bornstein, & Tamis-
LaMonda, 1997; Bornstein, Tamis-LeMonda, & Haynes, 1999; Feldman, Greenbaum, Yirmaya, 
& Mayes, 1996).  
Timing, and specifically, the coordination of timing between mother and infant is a 
critical component of these internal working models.  Each partner can be self-contingent, for 
example, when the mother’s behavior is internally consistent, stable and predictable from her 
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own prior behavior.  Coordination, or interactively contingent behavior, occurs when both 
partners are in a state of mutual synchrony such that each partner’s influence affects the other in 
a stable and predictable manner.  Contingent experiences between infant and caregivers are one 
important mechanism for the infant’s social and emotional development (Brazelton, Koslowski, 
& Main, 1974; Fogel, 1993; Tarabulsy, Tessier, & Kappas, 1996).   
In a research paradigm which operationalizes dynamic systems theory, recent work by 
Beebe and colleagues (2016) found that both self- and interactive contingency organize dyadic 
face-to-face communication at 4-months across the modalities of attention, affect, facial-visual 
engagement, orientation and touch.  This study refines the bidirectional model of mutual 
influence (Cohn & Tronick, 1988) and puts forth a bidirectional, but asymmetrical model of 
mutual influence, such that maternal coordination with her infant is higher than that of infant 
coordination with his mother.  This work (Beebe, et a., 2016) demonstrates that while 
bidirectional effects are operative, mothers are coordinate and adjust their behavior to infants 
more than infants coordinated and adjust their behavior to their mothers (p. 565-566) which 
supports the idea that mothers have greater range, flexibility and control over their behaviors 
than do infants.  As such, infants have more “influence” on mothers (p. 558), consistent with the 
literature (Chow et al., 2010; Keller, Lohaus, Volker, Cappenberg, & Chasiotis, 1999; Van 
Egeren, Barrett, & Roach, 2001).  However, neither self- nor interactive contingency estimates 
can be interpreted alone, as both are fundamentally dialogic measures, components of a “coupled 
system” (Beebe, et al., 2016, p. 556).  
Beebe and colleagues’ (ibid) emphasize an underrepresented, but critical, aspect of 
contingency studies: self-contingency within a dyad organizes 4-month mother-infant face-to-
face communication more so than does interactive contingency (p. 558, 564).  Self-contingency 
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reflects the relative stability of one’s own behavior, based on non-conscious, procedural 
expectancies generated by prior behavior.  The stability of one’s prior behavior is a crucial 
element that allows individuals to “back-burner” attention (primarily non-conscious attention) to 
their own behavioral regulation and enable one to focus on social communication with a partner.  
Without the capacity to be stable and “self-rooted” (p. 566), social communication is not 
possible.  As such, self-contingency (auto-correlation) is not extraneous “noise” as previously 
thought by some (Gottman, 1981; McCleary & Hay, 1980), but important information that 
contributes to the success and coordination potential for the dyad.  Further, dynamic homeostatic 
processes are at work between self- and interactive contingencies within the dyad that facilitate 
social engagement.  Beebe and colleagues’ (2016) findings suggest that homeostatic processes 
shift the dyadic system toward midrange degrees of self- and interactive predictability.12   
 As above, the coordination of behaviors in the mother-infant interaction has been studied 
extensively, primarily through the processes of microanalysis working at the level of the second 
or millisecond (Stern, 1971; Hsu & Fogel, 2003; e.g. Beebe, et al., 2010, Beebe, Lachmann, et 
al., 2012). It is important to note that the microanalysis of behavioral timing is measured on a 
split-second basis, generally so fast that the features of the behavior remain out of awareness for 
both partners.  This does not mean, however, that partners do not perceive these fleeting features 
on some level.  The basis of this type of research is that partners do perceive microbehaviors and 
expressions and just as quickly react and respond to them, mostly unconsciously, integrating 
them into the internal working model of the other.  
                                                          
12  Citing prior work by Lazlo (1972) and Sameroff (1983) who suggest that the negative feedback process is a form 
of adaptive stabilization. 
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Using microanalytic research methods, observers can identify important characteristic 
patterns and rhythms embedded in the interaction for each partner, and for the dyadic unit.  
Clinical use of microanalytic methods include innovative methods of video-feedback techniques 
(Beebe, 2004; Mayers, Hager-Budny, & Buckner, 2008; Friedman, et al., 2013; Downing, 
Wortmann-Fleischer, von Eisiendel, Jordan & Reck, 2014; Sossin, Cohen & Beebe, 2014; 
Beebe, Cohen, Sossin, & Markese, 2012) which are designed to illuminate both positive and 
problematic micro-moments for members of the dyad (typically the mother), helping them to see 
more in the moment and to uncover new ways of interacting with their partner.  
 Some variation exists regarding what constitutes an appropriate interval for measuring 
contingent response (Van Egeren, Barratt, & Roach, 2001; Harder, et al., 2015).  Differences in 
methodology range from the use of 15s windows (Isabella, Belsky, & von Eye, 1989), 20-30s as 
the “optimal lag” in a 1 minute time-series (Jaffe, et al., 2001) to a more immediate 3s response 
window (Van Egeren, Barratt, & Roach, 2001; Beebe, et al., 2016); however, these 
determinations differ dramatically on the modality and method used to define and determine 
optimality as well as by the research goal of the time-series.  Regardless, second-by-second 
coding and time-series analysis are ideal for identifying fine-grained interactional patterns, as 
facets of the interaction are captured in vivo and enduring, impactful patterns emerge even in a 
brief segment of time.  The definition and determination of the optimal lag structure should 
accurately reflect the modality, the coding scheme and the statistical aims.  
The Mother-Infant Interaction as a Conversation 
The infant’s emotional repertoire is organized around his expressive resources of gaze, 
face, head, body contour and voice and his receptive sensory systems (Izard, 1977; Izard & 
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Malatesta, 1987).  Affective configurations of multiple modalities contribute to the 
communicative quality of interpersonal interaction in infants and adults.  Infants tend to express 
affective states and intentions in terms of a “package” of behaviors (Beebe & Gerstman, 1980), 
with expressive coherence (Gaensbauer, Mrazek & Emde, 1979; Weinberg & Tronick, 1994).  
As the expression and experience of emotions is overdetermined and multi-determined in 
infancy, researchers have multiple access points into infant emotional experience, particularly 
through naturalistic observation of the face-to-face interaction.  
Bateson (1975) characterized mother-infant en face interactions as a “conversation” 
(p.101), despite the discrepancy in knowledge between the participants and the absence of the 
typical linguistic markers present in adult-adult conversation.  As Bateson eloquently stated:  
Here we see infants and mothers gazing at each other, as each smiles and vocalizes, 
apparently with pleasure and a sort of delighted courtesy.  As with adult conversation, there 
is near-constant communication in one modality (visual) and intermittent, alternating 
communication in another [vocal].   
Bateson, 1975, p. 101 
She elaborates that the “proto-conversations” embedded in the mother-infant face-to-face 
interaction have the purpose of affirming and maintaining social contact, rather than on 
exchanging content-based information, as with adult dialogues.  They are “epigenetic” in nature, 
meaning that they emerge from existing context in infancy and are differentiated by experience 
and input into the wide variety of interpersonal modes available in adulthood (p. 112).  
Numerous researchers have since utilized the concept of mother-infant conversation or dialogue, 
as a foundation for dyadic work (Schaeffer, 1977; Kaye & Fogel, 1980; Stevenson, Ver Hoeve, 
Roach, & Leavitt, 1986; Jaffe, et al., 2001).  
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 Mother-infant interactions can also be conceptualized as a song and dance, a duet.  When 
working well, the harmony and rhythm of the vocal exchange is supported by the gestural 
components with a beautiful synchrony, encompassing a range of emotion and experience 
(Gratier & Apter-Danon, 2009).  Essential aspects of the successful dance include some form of 
structure, flexibility, and coordination, as well as integrity of one’s self and awareness of one’s 
partner.  Essential aspects of the song include form and rhythm, as well as the melodious vocal 
streams of each partner, conjoined to express accordance or discord.   
Timing and rhythm are the foundation of the song and dance; when coordinated, partners 
attain a state of harmony and synchrony (Trevarthen, 1979; Trevarthen 1993).  Synchronous 
states can occur within a single modality or across modalities.  They are momentary, though 
highly influential for the dyad.  Normal dyads experience coordinated states approximately one-
third of the time in an experimental setting, increasing with age (Tronick & Cohn, 1989; Harder, 
Lange, Hansen, Vaever & Koppe, 2015).  As the mother-infant interaction unfolds, the “present 
moment” is experienced by the individuals not a flow across time, but as a rhythm defined by 
series’ of moments, collected into a coherent whole (Stern, 2001).  The whole is perceived as 
present moments stream forward.  By analyzing the micro-facets of the mother-infant interaction, 
we can better understand both the content of the conversation as well as the mechanics of the 
song and dance. 
Vocal Rhythms in Infancy 
The infant’s ability to communicate his needs transforms dramatically in the first six 
months of life as his resources expand.  Vocalizations, particularly non-distress vocalizations, 
increase in importance over the course of early months.  At four months, the vocal interaction 
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has been found to be the primary mode of communication for the infant (Van Egeren et al., 
2001) with contingent timing as a crucial element.  Just as he eventually learns to control the 
movement of his limbs in the service of exploration, the infant learns to use of his vocalizations 
in the service of communicating his states and interests.  The infant exercises these burgeoning 
abilities in the context of his partner in routine interactions.  
Early vocal rhythm patterns between mothers and infants are integral to the infant’s 
growing social and emotional repertoire and fundamental to cognitive and language development 
(van Egeren, et al., 2001; Jaffe, et al., 2001; Hane, Feldstein & Dernetz, 2003; Markese, 2008; 
Northrup & Iverson, 2015).  In terms of dialogic timing, infants are highly perceptive to 
interpersonal micro-rhythms both cross-modally (packaging vocal behavior with kinesics) and 
within the vocal domain (Condon & Sander, 1974; Rutter & Durkin, 1987; Beebe, Jaffe, 
Feldstein, Mays & Alson, 1985; Jaffe, et al., 2001; Henning & Striano, 2011).  Dialogical vocal 
behavior has been studied in several predominant ways: by (1) durations of vocal states, (2) 
modes of turn-taking or simultaneous speech (or co-active speech or co-vocalization), and (3) 
patterns of self- and interactive contingency (or coordination) based on the formation of 
procedural expectancies.   
Vocal State Model. 
Vocal states include events of vocalization and silence, with different labels applied to 
vocal events depending on the coding scheme.  Several different methods have been applied to 
parse vocal states (Jaffe & Feldstein, 1970; Elias, Hayes, & Broerse, 1986; Northrup & Iverson, 
2015; Harder, et al., 2015).  For example, Jaffe and Feldstein (1970) use a dialogical coding 
scheme, with all vocal states identified in relation to a partner.  Vocal states include mutual 
VOCAL RHYTHMS AND PRETERM INFANTS 
 
46 
 
silence (0), Mother Vocalization (1), Infant Vocalization (2), and Simultaneous Speech (3).  A 
turn rule (Jaffe, et al., 2001, p. 27) assigns the Turn to the partner who last vocalized unilaterally; 
the Turn is held until the other partner vocalizes unilaterally, thereby changing the Turn to the 
new speaker.  This turn rule allows all possible dialogic events to be attributed to one or the other 
partner encompassing the entire interaction, according to partner: Mother-Vocalization, Mother-
Pause, Mother-Switching Pause, Mother-Non-Interruptive Simultaneous Speech (NSS), and 
Mother-Interruptive Simultaneous Speech (ISS) and, likewise, all states for Infant.   
Vocal states can be analyzed according to durations and variability (Stern, 1971; Stern et 
al., 1977; Zlochower & Cohn, 1996; Jaffe, et al., 2001; Northrup & Iverson, 2015; Harder, et al., 
2015) as well as by using time-series methods to determine degrees of coordination and even 
directionality of coordination (Jasnow & Feldstein, 1986; Cohn & Tronick, 1988; Jaffe, et al., 
2001; Van Egeren, Barratt, & Roach, 2001; Northrup & Iverson, 2015).   
The Jaffe-Feldstein dyadic systems model (1970) has shown repeatedly that partners tend 
to match (or positively correlate) the durations of their switching pauses with those of his 
partner, such that within a dyad, each person waits approximately the same amount of time 
before taking the turn (Beebe, et al., 1985; Beebe, et al., 1988; Jasnow & Feldstein, 1986; Jaffe, 
et al., 2001, p. 28).  In dyads with depressed mothers, it has been demonstrated that durations of 
switching pauses are longer and more variable in these dyads, representing less maternal 
responsivity and more unpredictability of maternal responsiveness for the infant (Bettes, 1988; 
Zlochower & Cohn, 1996).   
Researchers studying language development in a group of high-risk siblings of autistic 
children found that dyadic measures of coordination taken at infant age 9 months were strong 
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predictors of later language delays (Northrup & Iverson, 2015).  In their study, they found that 
infants who later evidenced language delays in their third year were significantly less 
coordinated with their mothers in average latency to respond (that is, the switching pause) than 
infants who had no language delays. They theorize that the lack of coordination may be related 
to problems with interpersonal aspects of language development such as engagement, 
contingency detection, or differences in the predictability of partners or to infant difficulty with 
vocal control (p. 541).  They also found that the variation in latency to respond between mother 
and infant was a unique predictor of later language outcomes.  As typical partners tend to match 
durations of switching pauses, Northrup and Iverson’s finding regarding higher variability of 
latency to response as suboptimal and uniquely predictive of language outcomes, further 
bolstering the significance of switching pause in the mother-infant dialogue.  
Bidirectional Model of Mutual Influence. 
Turn-taking is a fundamental feature of conversation or dialogue, characterizing temporal 
structure and communicative exchange in all dialogue.  In adult-adult conversation, turn-taking is 
the predominant mode, though adults also use the coactive mode in times of high stress or 
intense emotion (Beebe, Stern, & Jaffe, 1979; Stern, et al., 1975; Feldstein, 1998).  In early 
infancy, mother-infant partners rely more on a mode of co-vocalizing (a mode of joining) in the 
vocal exchange; however, this gradually shifts toward a more adult-like model of turn-taking (a 
mode of exchanging) (Harder, et al., 2015) seen as early as 4 months (Jaffe, et al., 2001). Co-
vocalization and turn-taking are understood variably as enduring modes of human 
communication (Stern, Jaffe, Beebe, & Bennett, 1975), as developmental stages (Keller, Otto, 
Lamm, Yovsi, & Kartner, 2008) and also as driven by context and individual characteristics 
(Feldstein, 1998).   
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Conceptually, by the nature of the dyad both partners contribute to the temporal structure 
of the interaction.  However, some studies highlight the contributions of the mother as paramount 
such that she dictates the temporal structure and provides responsive reinforcement, scaffolding 
the infant’s contributions (Elias, Hayes, & Broerse, 1986; Keller, et al., 2008).  In other research, 
both mother and infant have been found to contribute to the temporal structure of the vocal 
interaction, consistent with a bidirectional model of mutual influence (Anderson, Vietze, & 
Dokecki, 1977; Cohn & Tronick, 1988; Jaffe, et al., 2001; Van Egeren, et al., 2001; Beebe, et al., 
2016).  Recent longitudinal work by Harder and colleagues (2015) supports the bidirectional 
model of coordination operating in a normal sample of dyads 4-10 months, using the temporal 
structure of vocalizations.  In addition, their findings support the developmental stage theory 
from co-vocalization toward turn-taking for the infant only, while the mother maintained a 
predominance of turn-taking across infant age.  
Jaffe and colleagues (2001) studied mother-infant and stranger-infant vocal rhythm 
coordination in a face-to-face interaction at 4 months testing for bidirectional influence within a 
dyadic systems framework.  In their work, the coordination of intrapersonal pause and 
“switching pause,” that is, the moment of silence in which one partner pauses and the other 
begins vocalizing, thus switching turns, was most predictive of later outcomes.  Coordination of 
the switching pause indicates that the duration of the switching pause of one individual predicts 
the duration of the switching pause for their partner, controlling for autocorrelation, and likewise 
for pause.  This type of coordination can be viewed as an adaptive measure of matching pace 
between partners.   
Jaffe and colleagues found that vocal coordination is linked to context of partner (mother 
or stranger) as well as setting (home or lab).  They found that a midrange model of coordination 
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with both mother and stranger was optimal for infant attachment outcomes.  However, high 
infant and stranger coordination, specifically in the lab, was most predictive of optimal cognition 
outcomes.  Following Jaffe et al (2001) and using a subsection of the same sample, Markese 
(2008) linked mother-infant and stranger-infant coordination of vocal rhythms at ages 4 and 12 
months to attachment styles at 4 years.  These findings together demonstrate the value of 4-
month vocal rhythms as a powerful predictor of both infant cognitive outcomes and dyadic 
attachment outcomes.   
Parent-Infant Synchrony of Affective States 
To date, there is no research on vocal rhythms and preterm infants using the Jaffe and 
Feldstein (1970) model.  The concept of behavioral coordination between preterm infants and 
caregivers has also been sparsely studied (with Feldman and colleagues’ work a notable 
exception).  A closely related research construct, “parent-infant synchrony,” was developed in 
the 1980s and implemented in several preterm infant studies.  
Synchrony of affective states (termed “monadic phases,” aiming to describe the most 
irreducible emotional expression, Tronick, Als, & Brazelton, 1980), in mother-infant interactions 
was examined in a study of both term and preterm infants (Lester, Hoffman, & Brazelton, 1985).  
Lester and colleagues (1985) found that while both term and preterm dyads showed evidence of 
a developmental progression of behavioral periodicities and that both groups coordinate cycles of 
behavior which they termed synchrony (p. 24).  However, differences in coherence between term 
and preterm dyads indicated that preterm dyads were less able to coordinate their behavioral 
cycles of affect and attention.  The authors suggest that the effects of prematurity interfere with 
the infant’s ability to process information from the environment and to modify his behavior 
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based on his partner, resulting in lower levels of synchronous dyadic behavior.  This and other 
studies have shown differences in the quality of social interaction in preterm dyads (Bakeman & 
Brown, 1980; Field, 1990; Goldberg & DiVitto, 1995); Lester and colleagues posit that these 
differences may be rooted in the temporal organization of the interaction.   
Feldman (2006) has emphasized the importance of biological and social rhythms for 
preterm infant development.  In a major study with preterm infant dyads and full-term controls 
(N = 71), Feldman linked the biological pacemaker systems of infant sleep-wake cyclicity and 
cardiac vagal tone to synchronous mother-infant social rhythms at 3 months.  Using the monadic 
phase coding scheme to assess mother-infant synchrony (Tronick, Als, & Brazelton, 1980) and 
microanalytic coding methods for sleep-wake states, maternal and infant behavior, arousal 
modulation, as well as current vagal tone methodology, she explored the relationships between 
endogenous biorhythms and coordination within the primary attachment relationship.  Feldman 
identified a significant main effect for degree of mother-infant synchrony by group, such that 
synchrony was more prevalent and stronger in the full-term group than in the preterm group.  
Based on the findings, Feldman suggests that interpersonal synchrony is based on 
endogenous biological pacemakers that are disorganized and even disrupted by preterm birth 
(Feldman, 2006, p. 184-185). Particularly within the high-risk group, Feldman noted that 
because these infants miss out on the intrauterine environment necessary for optimal 
development of biorhythms and parasympathetic control over heart rhythms, they are most at-
risk for maladaptive development of these homeostatic systems and, subsequently, those aspects 
of social functioning that rely on these systems (such as the synchrony of affective states) (p. 
185).   
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Feldman also found that the infant’s arousal modulation capacities moderate the 
relationship between neonatal vagal tone and parent-infant synchrony (Feldman, 2006).  This 
important finding indicates that immature infant biorhythms can be supported by the infant’s 
capacity for arousal modulation; as prior work by Feldman (2004) has demonstrated, arousal 
modulation is rooted in both the infant’s inborn regulatory structures, but also within the parent’s 
sensitivity and affective style.  In a study including both mother-infant and father-infant preterm 
infant dyads, Feldman & Eidelman (2007) found that parent-infant synchronous behaviors were 
predicted by cardiac vagal tone.  Additional predictors of parent-infant synchrony were maternal 
depression (mother-infant only) and the quality of the home environment (for both mother-infant 
and father-infant synchrony).  As such, both partners contribute much to the success of parent-
infant synchrony, as the physiological systems and social-emotional communication systems of 
both partners, as well as the environment, interact to facilitate the growth and development of the 
dyad (Sameroff, 1995). 
 While there is some research on coordination, or synchrony, with preterm infant dyads 
(Lester, Hoffman & Brazelton, 1985; Feldman, 2006; Feldman & Eidelman, 2007), there is no 
research with preterm infant dyads on vocal rhythm coordination, specifically.  Nonverbal 
communication patterns, and specifically vocal rhythms, are related to the infant’s socio-
emotional growth, attachment status, cognitive capacity and the development of optimal 
regulatory patterns (Jaffe, Beebe, Feldstein, Crown & Jasnow, 2001; Feldman, 2006; Markese, 
2007; Barrett & Fleming, 2011).  The present study seeks to utilize the mother-infant face-to-
face interaction paradigm to investigate the vocal rhythm coordination of preterm infants and 
their mothers within a contemporary psycho-bio-social framework.  Specifically, the present 
research seeks to understand how aspects of infant prematurity (including degree of prematurity, 
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infant autonomic maturity, and neurobehavioral organization in the NICU) and aspects of 
maternal influence (including the quality of maternal caregiving behaviors, maternal depression 
and maternal anxiety) affect mother-infant vocal coordination at 4 months (CA).  Additional 
demographic factors will also be investigated.   
This approach may offer new insights into the nature of mother-infant coordination in a 
preterm sample.  In addition, by using vocal rhythm coordination as an outcome variable, the 
present research may illuminate pathways that are most disruptive, or protective, for mother-
infant vocal rhythm coordination in preterm infant dyads.  Couched in the context of prior 
research with dyadic synchrony, regulatory functions in prematurity, and vocal rhythms research, 
these new insights may be able to aid in the assessment and early intervention methods for 
preterm infant dyads who are at greater risk for maladaptive patterns of a social, emotional and 
regulatory nature.  
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Method 
This research investigates the 4-month mother-infant vocal rhythm coordination in a 
group of dyads where infants were born preterm. The mother-infant pairs in this study are a 
subset of a randomized controlled trial (Welch et al., 2012; Welch et al., 2013).  They were 
randomly assigned to a control group who received NICU current standard of care in a major 
New York City teaching hospital.  Measures were collected by the Family Nurture Intervention 
Study team at enrollment, near term age and at a follow-up visit to the Columbia University 
Family Nurture Laboratory at infant 4 months (CA, infant corrected age).  Measures used in the 
present study include a scale measuring the sensitivity of maternal caregiving behaviors (MCB, 
Hane & Fox, 2006) infant neurobehavioral organization (NICU Network Neurobehavioral Scales 
[NNNS], Tronick & Lester, 1996) and infant heart rate variables (ECG).  Vocal rhythm data was 
collected at 4 months (CA) in a standardized audio and video-taped face-to-face interaction.  
Mothers’ self-reported depressive symptoms and state anxiety were assessed at all three time 
points using the CES-D (Center for Epidemiological Studies Depression Scale) and STAI 
(Spielberger State-Trait Anxiety Inventory). 
The parent study is entitled “Family Nurture Intervention (FNI)” at Columbia University 
Medical Center (Welch et al., 2012) and was approved by Columbia University Medical Center 
under IRB Protocol AAAD0389(Y4M04).  IRB review pertaining to the data analysis in the 
present research obtained July 30, 2014 from The City College of New York Human Research 
Protections Program determined that the present study [571622-1], as an analysis of existing 
data, does not meet the definition of human subject research and therefore no further IRB review 
or approval was required.   
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Procedure  
Setting.   
Data collection took place during the infant’s stay in the NICU at Morgan Stanley 
Children’s Hospital and during follow-up visits conducted at facilities adjacent to the hospital at 
Columbia University Medical Center.  Data processing and analysis was conducted in the 
Department of Communication Sciences Lab of the New York State Psychiatric Institute and the 
Data Coordination Center at The Mailman School for Public Health, Columbia University, under 
the direction of Beatrice Beebe, PhD. 
Participation criteria.   
Infants born either singleton or twin in the hospital between 26 and 37 weeks gestational 
age were eligible for the study. In the present sample, only the first infant born from a twin set 
was included.  Mothers had no history of drug addiction or psychosis or other severe mental 
illness, spoke English (though not necessarily as the native language), and must have had at least 
one other adult other than herself living in the home.  Infants were excluded from the study if 
birth weight was below the third percentile for gestational age or if there were significant 
congenital defects or other medical conditions.   The premature infant subjects are considered a 
high-risk sample as compared to full-term infants.  They were selected for the original study 
because they were deemed medically stable and fit to participate.   
Recruitment.   
Recruitment was conducted by a trained research assistant who reviewed birth records 
daily during the enrollment period.  Permission was obtained by attending physicians of both 
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mother and infant prior to inviting families to participate.  The study was described by the 
research assistant to the parents and written consent was obtained.  Parents were encouraged to 
decide whether or not to participate within 24 hours of being invited to the study to ensure that 
data collection began as soon as possible after birth.  The full recruitment and consent procedures 
are defined in Welch et al., 2012, “Family Nurture Intervention (FNI)” (2012).   
After consent, mothers completed initial assessments (given to both intervention and 
control groups) and were then assigned via block randomization to either the Family Nurture 
Intervention (FNI) intervention group or the Standard Care (SC) control group.  Mothers 
assigned to the SC group received NICU standard care as described below.  Twins were 
“clustered” for the purposes of randomization and feasibility, with both infants assigned to the 
same group.  Only SC infants (control group for the FNI study) were examined in the present 
study.  
 Standard care.   
Standard Care (SC) focused on training and practice in the care and management of 
premature infants.  SC in the Morgan Stanley Children’s Hospital NICU involves medical 
maintenance of infant temperature in isolette and open crib; management of respiratory support; 
the provision of appropriate nutritional support; prevention and treatment of infections; pre- and 
postsurgical care as needed.  SC also includes parent education and instruction in normal infant 
care, diaper change, bathing, temperature checking, holding, breast feeding, car seat use and 
infant CPR.   
Staff nurses (assigned by the hospital) focused on performing and documenting SC 
procedures.  While nurses may advise parents regarding interactions with their infant, this is left 
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to the discretion of the nurse.  The nurse may also instruct the parents on Kangaroo Care (KC) 
which involves routine mother-infant skin-to-skin contact, as medically possible. However, KC 
is not consistently recommended and is left to the discretion of the nurse.  The NICU provides 
access to a full-time feeding specialist who instructs parents on the optimization of infant 
nutrition and oral feeding.  Staff nurses provide instruction on breast pumping methods.  
SC also provides optional family support group sessions.  Social workers and family life 
specialists are available as needed and for discharge planning as requested by parents.  Parent 
involvement in infant care is identified as important and encouraged at the nurse’s discretion.  
Basic care including feeding, bathing and diaper change are implemented by hospital schedule 
and performed by both staff nurses and parents.  There is significant variation in the 
implementation and family participation in infant care as defined in the SC group.     
Measures 
NICU Network Neurobehavioral Scale (NNNS).   
According to FNI study protocol, the NICU Network Neurobehavioral Scale (NNNS) 
(Tronick & Lester, 1996; Lester & Tronick, 2004) was administered twice, once at 36 weeks (± 1 
week) PMA and again at 40 weeks (± 1 week).  The test measures neurological reflexes, body 
tone and motor maturity, as well as the infant’s orientation to and engagement with social and 
non-social stimuli, the lability of the infant’s activity and states and the infant’s capacity to be 
soothed.  It consists of 115 individual items and 13 summary scores.  The present study uses the 
Regulation Summary score only.  Test developers state that this summary score is the most 
general measure of how the infant copes with the exam.  The 15 individual NNNS items from 
which a mean summary score is derived are recoded so that higher scores represent better 
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regulation (range: 1-9) (Lester & Tronick, 2004, Appendix 2 and 3).  The NNNS is a semi-
structured test of optimal current state functioning, meaning that the examiner aims to obtain the 
“best performance” from the infant at the time of testing.  Some infants were given the NNNS at 
both time points, and some only once due to pragmatic constraints.  Following the rubric of best 
performance, we chose to use the infant’s best or only score.  The NNNS shows significant test-
retest reliability with preterm infants (Lester & Tronick, 2004).  
Infant heart rate variability and vagal tone.   
Heart rate measures based on electrocardiogram (ECG) data were assessed at 4 months 
corrected age (CA).  The ECG is a diagnostic tool used to assess the muscular functions of the 
heart by the measure of electrical signals.  ECG data was collected using standard procedures 
and conducted by trained research assistants.  Heart rate variability (HRV) is a noninvasive, 
indirect measure of the neural activity of the heart and refers to the rhythmic and predictable 
time-related changes in the heart’s interbeat intervals as determined by ECG.  Heart rate 
measures include both time and frequency-based domains, both typically used in HRV studies: 
time-based domain of RMSSD (Root Mean Square of Successive Differences, where R-R 
intervals are the “successive differences”) and frequency-based RSA (Respiratory Sinus 
Arrhythmia, based on high-frequency spectral analysis).  RSA is a reliable measure of autonomic 
function and maturation in low birth weight infants (Sahni et al., 2000).   
ECG data was collected during the 4 month follow-up visit during which a Still-Face 
procedure (Tronick, Als, Adamson, Wise & Brazelton, 1978) was conducted, yielding face-to 
face interaction baseline, “still-face” and recovery from still-face measures after resumption of 
face-to-face interaction.  In the present study, baseline and recovery of RMSSD and high-
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frequency measures were used.  RMSSD are expressed in fractions of a second with the units as 
seconds.  High-frequency power refers to the energy in the heart period power spectrum between 
0.15 and 0.40 Hertz.  HF is measured in milliseconds squared.  The log of HF levels was 
calculated and used as the final variable.  
A change score (delta) was created to quantify the change in absolute value between 
baseline and recovery levels for RMSSD measures only, indicating how closely the infant was 
able return to his baseline level of activity after experiencing the still-face episode.  RMSSD and 
high-frequency measures correlated highly to each other at each point, baseline, still-face and 
recovery. 
Maternal caregiving behavior.   
Maternal caregiving behavior (MCB) was assessed for maternal sensitivity and 
insensitivity during routine caregiving interactions.  The quality of MCB was assessed by coding 
videotapes of feeding, holding and diapering interactions taken at 4 months CA.  Videotapes 
were coded by Dr. Amie Hane to assess the quality and sensitivity of the mother’s behavior.  
Prior work has demonstrated that maternal sensitivity in caregiving assessed in this manner is 
associated with stress reactivity in infancy and through early childhood, affecting the quality of 
social interaction with both peers and adults (Hane & Fox, 2006; Hane & Philbrook, 2012; Hane, 
Henderson, Reeb-Sutherland, & Fox, 2010).  
During the diaper change procedure, the mother is instructed to undress her infant, 
remove the diaper, wipe clean and redress her infant.  This experience is intended to represent a 
mild stressor for the pair.  Following the diaper change procedure, the mother is observed as she 
holds her infant for 15 minutes and subsequently feeds the infant.  Maternal behavior is coded 
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during the diapering, feeding and holding interactions, using a 9-pt Likert scale for six domains: 
(1) Acceptance vs Rejection, (2) Soothing capability, (3) Consideration vs Intrusiveness, (4) 
Quality of physical contact, (5) Quality of vocal contact, and (6) Quality of transitions.  A 
composite score of Maternal Sensitivity is generated from these domains and for each of the 
feeding, holding and diapering segments.  For the present study, a composite average of feeding 
and holding behaviors was created following Hane and colleagues (2015).  Higher scores 
(ordinal scale) represent better quality and sensitivity in caregiving behaviors.  
Maternal depression.   
Maternal depression was assessed at several time points including enrollment, near-term 
age/discharge from hospital, and 4 months, CA, using the Center for Epidemiologic Studies 
Depression Scale (CES-D) (Radloff, 1977).  The scale is a self-report measure using a Likert 
scale (0, never – 3, almost always) for each of 20 items representing symptoms of depression 
which yields a score of 0-60.  A score greater than or equal to 16 points is considered to 
represent risk suitable for a referral (Radloff, 1977). The CES-D is a valid and reliable method 
for assessing for the presence of depression symptoms easily and effectively in a research setting 
and has been used in prior mother-infant studies (Beebe, et al., 2008) and studies with preterm 
infants (Ballantyne, Benzies, & Trute, 2013; Miles, Holditch-Davis, Schwartz, & Scher, 2007).  
In the present study, CES-D scores were used as a continuous variable.  
Maternal anxiety.  
Maternal anxiety was assessed at the same time points as above using the Spielberger 
State-Trait Anxiety Inventory (STAI) (Spielberger et al., 1970).  The STAI is comprised of two 
20-item scales, one for “state” anxiety symptoms – transient responses to temporary stress 
VOCAL RHYTHMS AND PRETERM INFANTS 
 
60 
 
conditions, and one for “trait” anxiety symptoms – responses to stress that constitute a stable 
pattern for the individual.  Items are scored on a scale of 1 (“not at all” or “almost never”) to 4 
(“very much” or “almost always”) yielding scores from 20-80, with no standard threshold for 
referral determination.  The STAI has been used extensively in prior research including work 
with mother-infant studies and specifically preterm mother-infant studies (e.g. Carvalho, 
Linhares, Padovani & Martinez, 2009; Brandon, et al., 2011; Gambina, et al., 2016). In prior 
work with this dataset, researchers have used a score of 40 as a threshold to signify elevated 
anxiety (Welch, et al., 2016).  In the present study, STAI scores were used as a continuous 
variable.   
Vocal rhythm.  
At the 4-month (CA) follow-up visit, a split-screen mother-infant interaction filming 
session was conducted which generates both video and audio data.  Only the 4-month audio data 
was included in this study.  In these sessions, mothers were instructed to play with their infants 
as usual for ten minutes without the use of toys.  Subjects were recorded using uni-directional 
microphones designed to pick up the vocalizations of both mother and infant on separate 
microphone inputs resulting in a stereo recording, each containing the audio stream of one 
partner.  This technique allows the recording to be parsed into numerical codes depicting vocal 
states using the Automated Vocal Transmission Analyzer (AVTA) program (Cassotta, Feldstein, 
& Jaffe, 1964; Jaffe & Feldstein, 1970).  
Prior to AVTA processing, each audio clip was edited using an open-source audio editing 
program (http://www.audacityteam.org/) in a process designed to clean the audio of extraneous 
“noise,” leaving only the voices of the two partners, one on each stereo channel.  Noise was 
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defined as any sound found in the audio clip that is not identifiable as produced by the human 
vocal apparatus (e.g. microphone static, knocks, bumps, the sound of the microphone rubbing 
against clothing, keys jingling, mother clapping).  Also, each stereo channel was cleaned of 
“spill” to reduce the sound on that channel to contain only the vocalization of one partner.  While 
the equipment was designed to collect only audio from one partner, in reality, due to the intimate 
nature of the mother-infant interaction in which partners are necessarily in close proximity, the 
microphone from Partner A may pick up some sound from Partner B and vice versa.  This spill 
was corrected through the audio editing process using filtering and silencing techniques.   
Additionally, any segment of infant cry or persistent fuss that exceeded 30 seconds was 
cut from the session.  While crying is a natural part of infant communication, infants are unable 
to participate in a dialogic vocal exchange process when distressed to a high degree.  Vegetative 
sounds (including infant hiccups, wheezing, coughing) and are also removed from the recording 
at this stage, preserving the duration of the interaction (i.e. vegetative segments are silenced, not 
deleted).  Infant-directed mother song was retained with the logic that song is an important 
communicative method which, while constrained by the song’s structure, contains 
communicative intent and rhythmic information which infants consistently respond to as they do 
to normal speech.   
Audio editing was conducted by the author and a trained research assistant who had 
obtained strong reliabilities using the same methods on prior datasets.  Interrater reliability for 
raw codes obtained through the AVTA program after editing was determined using Bakeman’s 
time-unit kappa (Bakeman, Quera, & Gnisci, 2009) with a window of ±2 units (кtolerance where 
window of tolerance is ½ second on either side [500ms], entire window 2.25 seconds) assessed 
on 10 randomly selected audio clips from both FNI/SC groups.  Interrater reliability was 
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extremely high (See Table 1), with kappa (κ) values ranging from κ = .72 with 98% agreement to 
κ = .94 with 100% agreement (four attained 98% agreement, five 99% agreement and 1 100% 
agreement).  Since the editing process is straightforward and parsimonious, aiming for 
observation of sound/silence, such high interrater reliability is expected and attainable.  The 
sample was randomly distributed across both coders, who coded both the present sample and the 
dyads from the parent study at the same time.  Coders were blind to whether dyads were assigned 
to the control group (present sample) or the FNI group.   
Table 1. Interrater Reliability Assessment of ¼ Second Unit Coding of Sound and Silence Using 
Bakeman’s Time-Unit Kappa 
Dyad # к 
% 
Agreement 
Maximum 
value of к 
Total # of 
Observations 
1 .75 98 .93 59951 
2 .94 100 .99 46376 
3 .90 99 .98 57276 
4 .78 98 .98 45126 
5 .72 98 .97 36601 
6 .79 98 .96 47901 
7 .87 99 .93 59976 
8 .91 99 .96 59951 
9 .87 99 .94 59551 
10 .86 99 .93 55968 
Notes: Total # of observations refers to the total number of observations by 
both raters combined that makeup the data for the к statistic for that audio 
clip. к = Bakeman’s Time Unit Kappa; кtolerance ±2 units. 
 
After editing, the audio was processed through AVTA, which interprets the two channel 
stream of the 10-minute interaction continuously, sampling both channels simultaneously every 
250ms creating a dataset consisting of four different codes: 0, 1, 2 and 3.  0 = silence; 1 = partner 
A (e.g. mother) vocalization; 2 = partner B (e.g. infant) vocalization; and 3 = simultaneous 
speech.  A code was generated four times per second resulting in 240 codes per minute and 2400 
codes per 10 minute interaction.  These four codes describe the vocalization profile of the entire 
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interaction on a quarter-second basis resulting in a numerical representation of the vocal patterns 
of both partners in terms of “on” (vocalization) and “off” (silence), encompassing each person’s 
vocal stream including joint silence and joint vocalization.   
Using an automated “turn rule” (Jaffe, et al., 2001, p. 27) which determines whose turn it 
is at all times, numerical codes were parsed by a second process13 into six possible vocal states 
for each partner: Turn, Vocalization, Pause, Switching Pause (SP), Non-Interruptive 
Simultaneous Speech (NSS) and Interruptive Simultaneous Speech (ISS).  The turn is defined as 
beginning the instant that either partner vocalizes alone and continues until the other partner 
vocalizes unilaterally (Jaffe, et al., 2001, pg. 43) at which point the turn is exchanged.  The turn 
is exchanged at the point of the switching pause, in which one partner pauses and the other 
partner then begins speaking (e.g. 222200111 where the “00” represents a .5 second infant 
switching pause), or at points of interruptive simultaneous speech, in which one partner 
interrupts the other, the first partner falls silent and the interrupter continues speaking unilaterally 
(e.g. 2222331111).  The turn may also be exchanged at points where one partner falls silent and 
the other partner simultaneously begins vocalizing, in a simultaneous switch (e.g. 22221111).  
Potential Risks and Benefits 
 Because this study is defined as an analysis of existing data (obtained on July 30, 2014 
from The City College of New York Human Research Protections Program [571622-1]), there 
are no risks associated with the present research.  Potential benefits for participants include the 
induction of positive feelings stemming from the willingness and ability to help future families 
                                                          
13 The algorithm was developed in SPSS and implemented by Dr. Judy Austin using the guidelines and definitions 
for vocal states provided in Jaffe, et al., 2001.   
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via research, however, these benefits do not exceed the benefits of participating in the original 
parent study.  
Research Questions and Hypotheses 
The present study seeks to describe and understand premature infant dyads in the context 
of vocal rhythm coordination at 4-months (CA).  Further, the present study seeks to examine 
whether various infant and maternal influences affect vocal rhythm coordination for premature 
infant dyads.   
Research questions.   
1. Do premature mother-infant dyads coordinate their durations of vocal states? 
2. Are the durations of vocal states within each partner predictable? 
3. Is mother-infant vocal coordination in a premature infant sample affected by infant 
characteristics (including sex, birthweight, gestational age, neurobehavioral 
organization and vagal tone)?   
4. Is mother-infant vocal coordination in a premature infant sample affected by 
maternal characteristics (including mothers’ age, ethnicity, education, depression 
and anxiety symptoms)?  
Hypotheses.   
H1: Premature mother-infant dyads coordinate the durations of vocal states (interactive 
contingency) across the group (Lester, Hoffman & Brazelton, 1985).  Based on prior work (Jaffe, 
et al., 2001), the greatest coordination will occur in pause and switching pause.  Because mothers 
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are more socially and physiologically mature, it is expected that mothers will be more 
coordinated to infants by all vocal states than infants are to mothers.  
H2: Individuals from premature mother-infant dyads show predictability by vocal state 
durations (self-contingency) across the group as follows: mothers will show significant self-
contingencies in all vocal states; infants will show significant self-contingencies in pause and 
switching pause.   
H3: The degree of mother-infant vocal coordination will be affected by infant 
characteristics.  Degree of prematurity (as measured by birthweight and gestational age) will be 
the strongest influence on mother-infant vocal coordination such that infants who are more 
premature will show lower degrees of coordination and infants who are less premature will show 
higher degrees of coordination by vocal states.  Infant neurobehavioral organization and infant 
vagal tone will also affect mother-infant vocal coordination, such that better scores will result in 
higher mother-infant vocal coordination. 
H4: The degree of mother-infant vocal coordination will be affected by maternal 
characteristics.  Higher mothers’ age and education will be associated with higher interpersonal 
vocal coordination outcomes.  Mothers’ depression and anxiety will negatively affect vocal 
coordination outcomes such that greater self-report of depression and anxiety symptoms will 
result in lower vocal coordination outcomes.  
Analytic Strategy  
 The analytic strategy was multi-determined, with each stage of analysis informing the 
next and also providing end-stage contributions on its own level.   
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Descriptive data according to vocal state.  
Raw vocal codes were transformed into dyadic vocal states according to the dyadic 
systems coding method detailed in Jaffe and colleagues monograph (2001), retaining the ¼ 
second level of detail per code.  These codes were then analyzed across group to determine 
percent time spent in each vocal state by partner, the average durations of each vocal state by 
partner as well as the rate of each vocal state (frequency of occurrence per minute).  Rates per 
minute were calculated for comparisons to account for variations in the session length.  
Vocal coordination estimates.   
Across-group vocal coordination estimates were computed via SAS Proc Mixed 
Procedure using multi-level modeling and linear regression methods.  The across-group method 
is considered superior to the per-dyad method because in across-group modeling, all seconds of 
both partners for all dyads are included in the model resulting in significantly more power.  Since 
vocal coordination studies are time-intensive due to data collection procedures and micro-level 
coding, sample sizes are necessarily small.  Using across-group modeling allows a small sample 
size to contain more power, as the power rides not on the number of dyads but on the high-
density of codes per dyad. Following Beebe and colleagues (Beebe et al., 2016) the statistical 
method chosen to reflect degrees of coordination assesses moment-to-moment contingencies 
present in the vocal behavior of the dyad.  Each partner’s behavior is examined in relation to his 
or her own prior behavior (self-contingency, or auto-correlation) and in relation to the partner’s 
prior behavior (interactive contingency, or cross-correlation) (see Figure 1).   
As in Beebe et al. (ibid), contingent behavior is defined as the temporal relationship 
between two events that rest on sequential coordination (p. 557).  The term “contingency” 
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(versus the more colloquial term “coordination”) is used throughout the analyses to reflect 
technical precision: the term contingency allows for the distinction between self- and interactive 
contingencies while “coordination,” the more general term, refers only to interactive contingent 
behaviors.  Coordination is used interchangeably with contingency when the use of the term 
coordination facilitates semantics.  
A time-based (versus event-based) approach was chosen because it describes the “overall 
picture” of interactive behavior (as opposed to a detailed picture sequential behaviors) and also 
provides a means to assess both self- and interactive processes (p. 557).  Self-contingency 
reflects the relative stability or variability of a person’s own “behavioral rhythms over time, in 
the presence of a particular partner” (p. 558).  As such, self-contingency itself is a dyadic 
measure.  Interactive contingency measures the adjustments that a person makes in relation to his 
or her partner’s prior behavior.   
Self- and interactive contingency estimates were calculated for the entire group of dyads 
for three vocal states: vocalization, pause and switching pause.  Multi-level time-series analyses 
were conducted using 5 second bins (20 ¼ second samples per bin) containing average durations 
of the vocal states for each individual.  To determine the optimal window for calculating 
contingency estimates, 12 lags were inspected for each pairing.  The results of the inspection of
  
 
Figure 1. Illustration of Mother-Infant Self- and Interactive Contingency 
 
 
all 12 lags can be found in Appendix A in Tables A9 – A14.  The estimated coefficient for the 
effects of each lag on current behavior (t0) throughout the interaction indicates the level of 
contingency; the larger the coefficient, the stronger the contingency. While the greatest variance 
was typically noted in lags 1-6, each pairing carried significant or very near significant variance 
through later lags.  After careful inspection, all 12 lags were utilized in coordination estimates 
and subsequent modeling procedures which is consistent with the Jaffe & Feldstein model of 
vocal behavior (Jaffe & Feldstein, 1970; Jaffe et al., 2001).  A weighted average across 12 lags 
was produced for each pairing and used in the time-series.  For both self- and interactive 
contingency, the production of the weighted lag is iterative and ongoing across the duration of 
the interaction. 
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The weighted time series method (see Figure 2) was run for six different models (yielding 
6 models total), with each model including both partners behavior for that vocal state, and 
enabling the model to determine direction of coordination.  In the partner configurations, the 
second partner listed is the actor who is affected by the first partner’s prior behavior, while 
controlling for his or her own prior behavior.  Both self- and interactive contingency results are 
produced for each of the six equations.  For example, in the mother vocalization coordination 
equation, “M→M, I→M” is the notation where M→M represents self-contingency (auto-
correlation) and I→M represents interactive contingency (cross-correlation) effects.  In this 
equation, the mother is the actor, affected by her own prior behavior and that of her partner.  
Therefore, in this equation it is the mother’s behavior that is being predicted.   
The six vocal coordination models are as follows:  
1. Predicting Mother Vocalization: (M→M, I→M) 
2. Predicting Infant Vocalization: (I→I, M→I) 
3. Predicting Mother Pause: (M→M, I→M) 
4. Predicting Infant Pause: (I→I, M→I) 
5. Predicting Mother Switching Pause: (M→M, I→M) 
6. Predicting Infant Switching Pause: (I→I, M→I) 
Each model yields two unstandardized beta (B) regression coefficients (auto-correlation 
and cross correlation) which represent the strength of the relationship, along with a significance 
level.  The positive or negative sign indicates the type of relationship, matching or converse.  By 
containing both auto-correlation and cross correlation in the model, the estimated coefficients for 
cross-correlation and auto-correlation each control for the other.  The auto-correlation and cross-
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correlation beta estimates are reported for each model, though it is important to note they come 
from the same equation and cannot be interpreted separately, as a partner’s intrapersonal 
behavior is assessed in the context of this particular dyad, not by itself.   
The weighted-lag method measures coordination of average durations across the 
interaction and represents the most accurate depiction of the relative stability or variability of 
how two partners engage in vocal dialogue, over time (Beebe, et a., 2016, p. 561).  Lags are 
weighted to allow lags which carry the most variance to provide the most influence in the model, 
retaining the dynamics of the vocal behavior.  Using 12 weighted lags (versus using fewer lags) 
allows the time-series to accurately capture vocal behavior that is less frequent, such as 
switching pause, which typically occurs about two times per minute, per partner.  According to 
Jaffe et al., (2001, p. 28), the “interpersonal turn rhythm” is composed of two cycles of turns, one 
by each partner.  The vocal states of Switching Pause and Turn are inextricably linked, in spite of 
the fact that they are measured distinctly on different conceptual levels.  The nature of a 
switching pause by one partner constitutes an exchange of turns.  Switching pause is 
fundamentally a dyadic state based on the turn.  To encompass two cycles of turns, one by each 
partner, at least 30 seconds are needed (based on SP rate = 2/min, 1 per 30s).  To accurately 
measure auto-correlation, which is integral to the dyadic systems analytic strategy, up to 60 
seconds may be needed to find two cycles of turns, two by each partner.    
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Figure 2. Illustration of Time-Series Analysis Using Weighted Lag Structure: Predicting Infant Pause  
 
Notes: CCF = Cross-correlation equation used for interactive contingency estimates; ACF = Auto-correlation equation for self-contingency estimates. 
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   Predictor variables.   
NNNS (Regulation Summary Score), MCBs (Composite Average of holding and feeding 
Behaviors), Maternal Depression (CES-D, time 2, near infant term age, approximately at the 
time of discharge from the NICU), Maternal Anxiety (STAI: State, time 2), and Vagal Tone 
(RMSSD baseline, delta; HF baseline) were all used as continuous variables throughout.  
Analyses also evaluated the influence of infant sex (categorical), maternal age, maternal 
education, and maternal ethnicity (categorical = Black, White, Hispanic and “Other”).  If effects 
of demographic variables were not statistically significant, they were dropped from subsequent 
analyses and final models.  
 Modeling.   
After determining the best lag structure and the basic coordination estimates, regression 
modeling was implemented using vocal contingency estimates and predictor variables.  
Predictors were tested independently in each model using multi-level time-series methods.  
Results from independent prediction tests were used to inform the final modeling.  Interaction 
effects were tested and included in the final models where significant.   
 A separate model was constructed for each vocal state and each configuration of partners, 
yielding six total final models (using the same partner configuration as the vocal coordination 
models but now including predictors and covariates).  For each of the six configurations, 
covariates that were significant by independent tests were combined into one model.  At this 
stage, some variables lost significance in the presence of other variables, as predictor variables 
were not all entirely independent of each other.  A process of systematically removing non-
significant variables was implemented, retaining significant predictors as they independently 
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held significance in relation to the vocal coordination estimates.  In some cases, predictors were 
left in the model when they were not significant if their presence in the model moderated the 
association between the other predictors and the vocal coordination estimates. 
Models are “best predictor” models, constructed to depict the best possible configuration 
of predictors to the vocal coordination estimates (outcome variables).  The goal was to create a 
model that depicts the strongest and clearest prediction of vocal rhythm coordination using infant 
and mother predictor variables.  Thus, the models illustrate the strongest significant effects of 
predictors on vocal rhythm coordination, for each of the six configurations (mother vocalization, 
infant vocalization, mother pause, infant pause, mother switching pause, and infant switching 
pause).  
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Results 
Descriptive Analyses 
Sample characteristics (N = 34). 
The original sample contained 37 dyads who had been randomly assigned to the Control 
Group of the parent FNI Study.  The final sample contains 34 dyads.   Of the 37 dyads in the 
original sample, three dyads were removed from the vocal coordination portion of the analysis 
due to inadequate vocal state sampling not due to collection error.  These three dyads (3169, 
3213, and 3216) were outliers for infant vocalization, even within a small sample of 37, with 
only 2, 6 and 9 infant vocalizations, respectively.  Dyad 3169 had no infant pause and Dyad 3216 
had no simultaneous speech of either type and no switching pauses.  As such, these dyads did not 
contain enough infant vocal state variation to create meaningful auto-correlation estimates or 
cross-correlation estimates of coordination.   
Removing these dyads from the descriptive analysis of vocal states caused a significant 
decrease in the average duration and standard deviation of Mother Turn from 24.23 seconds 
(49.37) to 13.40 seconds (10.11), which brought Mother Turn more in line with prior work (Jaffe 
et al., 2001).  Other average durations and corresponding standard deviations were altered 
slightly, but remained relatively consistent suggesting that these particular outliers uniquely 
disrupted the integrity of Mother Turn calculations.  A qualitative assessment of each interaction 
was done by listening to the content of the original audio: each of the three interactions had 
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different qualitative characteristics in terms of the mother’s behavior.  In all three dyads, infants 
were confirmed to vocalize extremely little. 14    
 Because of the small overall sample size, three dyads are likely to differ significantly on 
one or more measures, however they did not constitute a cohesive group.15  It is not clear upon 
quantitative and qualitative inspection why these three infants did not vocalize sufficiently to 
include in the vocal coordination analyses.  
Infant characteristics. Table 2 contains demographic and descriptive data for the final 
sample, N = 34.  17 infants were male (50%), 17 infants female.  Degree of prematurity is 
defined using two different proxies: Birthweight and Gestational Age.  Mean Birthweight for 
infants was 1468 grams (SD = 363g) and Mean Gestational Age for infants was 30.7 weeks (SD 
= 2.52).  Categorically by Birthweight, 17 infants were Low Birthweight (2500g to 1501g), 11 
infants were Very Low Birthweight (1500g to 1001g) and 6 infants were Extremely Low 
Birthweight (<1000g).  Categorically by Gestational Age, 15 infants were Moderate to Late 
Preterm (32 to 37 weeks GA), 13 infants were Very Preterm (28 to <32 weeks GA) and 6 infants 
                                                          
14 Dyad 3169: rapidly speaking mother who vocalized constantly with a burst of short vocalizations followed by a moderate 
pause (“burst-pause” format, Stern et al., 1977), frequently calling out her infant’s name, appears overly stimulating, attempting 
to gain the infant’s attention, yet not appearing to alter her vocal behavior when the infant did vocalize (albeit, infrequently); 
Dyad 3213: calm, even-spoken mother with moderately long vocalizations, moderately long pauses, infant vocaliztions were 
brief giggles in response to apparent mother touch; Dyad 3216: mother vocalized with long even tones, mother noted to state in 
the interaction that she is not speaking her native language – infant may be responding with silent curiosity to hearing his mother 
speak another language with different cadence and prosody.   
 
All other mothers who spoke a language other than English either spoke that language exclusively with their infant in the 
interactions or spoke both languages with the infant naturally.  Mothers were not instructed specifically as to what language to 
use in the interaction just that they “play with their infants as they would at home, without the use of toys.” 
 
15 The three dyads excluded from the vocal coordination analyses did not differ significantly from the overall sample by mother’s 
age, gestational age, birthweight, or head circumference at birth; however, they did differ significantly on length at birth.  The 
three excluded dyads all listed mothers’ ethnicity as White, with household incomes over $70,000, parents married, infant not 
resuscitated at birth, though all three placed on CPAP immediately after birth, with Apgar scores at 1 minute greater than or equal 
to 7.  Two of the infants were not twins and two infants delivered by C-Section.   
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were Extremely Preterm (<28weeks GA).  Table A7 (Appendix A) illustrates the categorical 
comparison between dyads by birthweight and gestational age.  
 Maternal characteristics (N = 34). Demographic data for mothers is presented in Table 
2. Mean age for mothers was 33.59 (SD = 5.08).  For the majority of the sample, Mother’s 
ethnicity was White (14, 41%).  Mothers in this sample were generally well-educated (25, 
73.53% having graduated from college or higher) had relatively high household income (23, 
67.65% reporting $70,000/year or higher) and were married (24, 70.59%). 
Descriptive analyses of vocal states.   
In the final sample (N = 34), number of raw quarter second vocal state codes per dyad 
ranged from 1044 (4 minutes, 21 seconds) to 2400 (10 minutes) with a mean number of codes of 
2100 (8 minutes, 45 seconds), a median of 2272 codes (9 minutes, 28 seconds) and a mode of 
2400 codes (10 minutes). 
Descriptive analyses for vocal states were conducted for both N = 37 (original sample, 
Tables A1-A4 in Appendix A) and N = 34 (final sample, Table 3).  Following Jaffe and 
colleagues (2001), means and standard deviations were calculated for each vocal state by partner 
for percentage of time spent in, the average durations of and the rate (frequency per minute) of 
each vocal state.  Results are also presented by birthweight (three categories: Low Birthweight, 
Very Low Birthweight, and Extremely Low Birthweight) and gestational age (three categories: 
Moderate to Late Preterm, Very Preterm and Extremely Preterm).  These figures are very similar 
and are interpreted to indicate that dividing the group by birthweight or by gestational age does 
not significantly alter descriptive data by vocal state (Tables A5 – A7, Appendix A).   Figure 3 
illustrates the average durations in terms of a sample interaction.
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Table 2. Characteristics of Sample: N = 34 
Maternal Characteristics  Mean (SD) Frequency Percent 
    
Mothers’ age 33.59 (5.08)   
   
Mothers’ ethnicity 
White 14 41.18 
Black 8 23.53 
Hispanic 9 26.47 
Other 3 8.82 
 
Mothers’  
highest level 
 of education 
High School 2 5.88 
Some College 7 20.59 
Graduated College (+ higher) 25 73.53 
 
Household Income 
$0-39,999 7 20.59 
$40,000 - $69,999 2 5.88 
$70,000 (and over) 23 67.65 
Did not report 2 5.88 
    
Marital Status 
Not married 10 29.41 
Married 24 70.59 
 
Infant Clinical Characteristics Mean (SD) Frequency Percent 
    
Infants’ Gestational Age (weeks) 30.70 (2.52)   
Infants’ Birthweight (grams) 1468 (363)   
Length at Birth (cm) 39.75 (3.28)   
Head Circumference at Birth (cm) 28.35 (3)   
   
Infant Sex 
Male 17 50.00 
Female 17 50.00 
 
Twin Status 
No 25 73.53 
Yes 9 26.47 
 
Mode of Delivery 
Vaginal 14 41.18 
C-Section 20 58.82 
 
Resuscitated at Birth 
No 23 67.65 
Yes 11 32.35 
 
Placed on CPAP  
on Delivery 
No 1 2.94 
Yes 33 97.06 
 
Apgar at 1min 
≥ 7 25 73.53 
4-6 5 14.71 
< 4 4 11.76 
 
Apgar at 5min 
≥ 7 32 94.12 
≥ 4 34 100.00 
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Table 3. Descriptive Statistics for Vocal State Measures 
  
Percentage of Time 
 
Durationb 
 
Rate (freq /minute) 
 
Mothersa Infantsa 
 
Mothers Infants 
 
Mothers Infants 
Vocal 
States 
 
Mean (SD) Mean (SD) 
 
Mean (SD) Mean (SD) 
 
Mean (SD) Mean (SD) 
Turn 
 
81.17 (12.17) 18.83 (12.17) 
 
13.40 (10.11) 2.58 (2.61) 
 
5.06 (2.72) 5.01  (2.75) 
Voc 
 
47.42 (14.67) 11.68 (7.79) 
 
1.43 (0.40) 0.96 (0.42) 
 
20.06 (4.75) 7.15 (3.81) 
Pause 
 
28.46 (10.66) 3.49 (6.32) 
 
1.22 (0.55) 0.82 (0.56) 
 
15.00 (4.98) 2.14 (2.17) 
SP 
 
5.30 (3.72) 3.65 (2.26) 
 
1.45 (1.13) 1.14 (0.77) 
 
2.39 (1.21) 2.08 (1.09) 
NSS 
 
1.40 (1.42) 3.39 (2.63) 
 
0.75 (0.43) 0.64 (0.20) 
 
0.92 (0.96) 3.19 (2.32) 
ISS 
 
1.68 (1.35) 1.61 (1.60) 
 
0.59 (0.16) 0.52 (0.18) 
 
1.66 (1.20) 1.65 (1.41) 
Notes: Voc = Vocalization; SP = Switching Pause; NSS = Non-Interruptive Simultaneous Speech; ISS = Interruptive Simultaneous 
Speech. “Rate (freq/minute)” refers to the rate at which each vocal measure occurs per minute, which accounts for the variations in session 
length.  
a N = 34 for all columns. 
b Mean durations reported in seconds. 
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Figure 3.  Example of Mother-Infant Vocal Interaction Using Average Durations of NICU Sample, N = 34
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Self- and Interactive Contingencies 
Self- and interactive contingency estimates were calculated for the group of mothers and infants 
for all three vocal states: Vocalization, Pause and Switching Pause, yielding 6 different pairs of 
estimates: a self- and an interactive contingency estimate for each partner and each vocal state.  
Self-contingency estimates represent how predictable an individual’s behavior is based on his or 
her own prior behavior.  
Vocalization coordination.   
Mothers and infants did not demonstrate significant interactive contingency in 
vocalization. Results for vocalization indicate that both mothers and infants show significant 
self-contingency, with infants showing a larger coefficient for self-contingency (B = 0.6635, p 
<.0001) than mothers (B = 0.3161, p <.0001).   
Pause coordination.   
Unidirectional interactive contingency was found for mothers (I→M) by pause, with a 
negative sign, indicating that longer infant pauses over the preceding 12 seconds predicted 
shorter mother pauses in the current period, and vice versa (B = -0.1396, p = .0205).  No 
significant interactive contingency was found for infants.  Results for pause indicate that both 
mothers and infants show significant and robust self-contingency for pause, again with infants 
showing a larger coefficient (B = 0.8243, p <.0001) than mothers (B = 0.6017, p <.0001).  
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Table 4. Across-Group Estimates of Mother-Infant  Self- and Interactive Contingency According 
to Vocal States Using 12 Weighted Lags, N = 34 
Pairwise B SE df t p value Type of Contingency 
Vocalization 
     
 M→M 0.3161 0.0318 3137 9.95     <.0001** Self-Contingency 
 
I→M 0.0414 0.0478 3137 0.87 .3868 -- 
 
I→I 0.6635 0.0262 3137 25.31   <.0001** Self-Contingency 
 M→I 0.0347 0.0228 3137 1.52 .1286 -- 
Pause 
      
 
M→M 0.6017 0.0253 3137 23.81 <.0001** Self-Contingency 
 I→M -0.1396 0.0602 3137 -2.32 .0205* Interactive Contingency 
 
I→I 0.8243 0.0184 3137 44.90 <.0001** Self-Contingency 
 
M→I 0.0070 0.0098 3137 0.71 .4756 -- 
Switching Pause 
     
 M→M 0.5481 0.0238 3137 23.08 <.0001** Self-Contingency 
 
I→M 0.2019 0.0427 3137 4.73 <.0001** Interactive Contingency 
 
I→I 0.4471 0.0260 
 
3137 17.18 <.0001** Self-Contingency 
 M→I 0.1458 0.0243 3137 6.01 <.0001** Interactive Contingency 
Notes: “B” represents unstandardized regression coefficients which are interpreted in the units of the individual variable.  SE B = standard error 
of B.  df = degrees of freedom.  t = the magnitude of the B estimate. p value = the significance of t and B.  Estimates are across the group.  Each 
pair of estimates come from the same equation and must be interpreted together: for example, under vocalization, M→M represents mothers’ 
self-contingency and I→M represents mothers’ interactive contingency for all dyads across the group using 12 weighted lags.  “—“ indicates 
that the contingency measure was not significant. 
Significance Level: * = p < .05; ** = p < .01.   
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Switching pause coordination.   
Self-contingency estimates for switching pause for both mothers and infants are positive, 
significant and robust with mothers showing a slightly larger coefficient (B = 0.5481, p <.0001) 
than infants (B = 0.4471, p <.0001).  Cross-correlation results for switching pause depict 
bidirectional interactive contingencies such that mothers and infants both coordinate with the 
other.  In other words, as either individual’s switching pause lengthens, the partner’s switching 
pause also lengthens. 
Modeling: Predicting Vocal Coordination from Infant and Maternal Influences 
 Tables 5 and 6 contain summaries of all findings from six models.  Table 5 illustrates 
each finding along with a notation (“+” or “-“sign) signifying whether the finding is optimal, 
based on the assumption that higher interactive contingency is more optimal.  The assessment of 
self-contingency findings as optimal or non-optimal relies on post-hoc analyses.  Tables A15-
A20 in the Appendix depict each model including all predictors and covariates, with 
unstandardized coefficient estimates.  Table 6 shows significant interaction effects organized by 
self- and interactive contingency and partner.  Table 6 also contains both unstandardized “B” 
regression coefficients and standardized β regression coefficients; standardized coefficients 
allow effect sizes to be compared directly as the units are standardized across all variables.  
Across all models, there were significant findings for interactive contingency in 6 of 6 
models.  Across all models, there were significant findings for self-contingency in 5 of 6 models.  
Infant sex and birthweight were the most commonly appearing predictors of coordination, each 
with findings in 3 of 6 models.  Mothers’ ethnicity, NNNS: Self-Regulation and maternal 
depression each showed significant effects in 2 of 6 models.  Maternal caregiving behavior, 
VOCAL RHYTHMS AND PRETERM INFANTS 
 
83 
 
infant vagal tone and maternal anxiety each showed significant effects in 1 of 6 models.  An 
examination of the models by vocal state follows.  
Vocalization coordination. The first model predicts mothers’ current vocalization 
durations from her own prior vocalization durations and from those of her infant.  Covariates in 
this model (Appendix, Table A15), included mothers’ age, ethnicity, and caregiving behavior, 
and infants’ sex and vagal tone, together with interaction terms for mothers’ self-contingency 
and ethnicity, mothers’ self-contingency and maternal caregiving behavior, and mothers’ 
interactive contingency and infant sex.  In the context of this multivariable model, maternal age 
and infant vagal tone significantly predicted duration of mothers’ current vocalization, as did 
Hispanic ethnicity (versus White, the reference group), Black ethnicity (versus White) and the 
interaction of Black ethnicity and maternal vocalization self-contingency (M→M voc * 
ethnicity: Black mothers, B = 0.2946, p = .0844),16 the interaction of maternal caregiving 
behavior and maternal vocalization self-contingency (B = 0.1081, p = .0356), and the interaction 
of maternal interactive contingency and infant sex (B = 0.2800, p = .0222).  Thus, in the 
presence of all the other covariates, mothers’ self-contingency of vocalization was significantly 
increased with better maternal caregiving behavior and White ethnicity.  Similarly, mothers’ 
interactive contingency in vocalization was significantly affected by infant sex, with mothers 
increasing their current vocalization durations more for female infants.  
 
                                                          
16 Unstandardized coefficients for mothers’ ethnicity are versus “White.” The decision to use White as the reference group for 
ethnicity was made for statistical purposes because there are a significantly greater number of White (14) mothers in the sample 
than Black mothers (8), Hispanic mothers (9), or “Other” mothers (3).  In no way is this meant to imply that White mothers are 
“normal” while mothers of minority ethnicity are to be judged by the White standard. The decision to use the White group was 
based solely on their being more White mothers in the sample. This issue will be discussed further in the Limitations section of 
this paper.  An option to merge the minority groups together to create a binary variable of White and Non-White was explored, 
however, this was not used in the final models because it a) yielded similar results, and b) removed important variability amongst 
different ethnic groups that may be explored further in future research.  
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Table 5.  Summary of Self- and Interactive Contingency Results from 6 Models 
 
 Vocalization Coordination  Pause Coordination  Switching Pause Coordination 
 Model 1  Model 2  Model 3  Model 4  Model 5  Model 6 
Predictor 
Variables 
M→M I→M  I→I M→I  M→M I→M  I→I M→I  M→M I→M  I→I M→I 
Infant Sexa  ↑+  ↓+             ↑+ 
Birthweight     ↑+      ↑+  ↓+/-     
Mothers’ Age        ↑+          
Mothers’ 
Ethnicityb 
↑ -      ↑ -           
MCB ↑-                 
Infant 
Regulation 
      ↓+         ↓+  
Vagal Tone    ↓+              
Maternal 
Depression 
          ↑+/-   ↑+/-    
Maternal 
Anxiety 
            ↑+/-     
Notes: M→M = mother self-contingency; I→M = mother interactive contingency; I→I = infant self-contingency; M→I = infant interactive contingency.  Entries in the table of arrows, Up (↑) and 
down (↓) arrows represent significant higher and lower self- or interactive contingency documented in the given model. Arrows with a negative sign (-) indicate that the direction of influence of the 
predictor on the contingency is opposite from the assumed “better” direction. No entry in the cell indicates that there was no significant predictor-contingency association.  Tables 6-11 identify the 
predictors in each model as well as covariates.  Not all predictors listed are present in every model and in some models, additional covariates were included in the model. A (+) next to the arrow 
indicates that the result is in the positive (better) direction in terms of vocal rhythms for that result: “better” self-contingency results are lower; “better” interactive contingency results are higher.   
MCB = quality of maternal caregiving behavior. A “+/-“ sign indicates that while the expected contingency finding in relation to the predictor is non-optimal, the overall result can be interpreted as 
optimal.  Infant self-regulation = NICU Network Neurobehavioral Scales (NNNS): regulation summary score.  Maternal Anxiety = STAI: State and Maternal Depression = CES-D, both measured at 
Time 2, near infant term age (approximately at the time of discharge from hospital).  Vagal Tone = Recovery level (from still-face episode) measured by time-domain tool of Root Mean Square of 
Successive Differences (RMSSD), the successive differences being neighboring RR intervals measured by ECG.   
a Results for infant sex are for female, with male as the reference group.  b Results for mothers’ ethnicity are for Black (M→M Voc) and for Black and Hispanic (M→M Pause) with White as the 
reference group.   
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Table 6. Summary of Results of All Models by Self- and Interactive Contingencies: Standardized and Unstandardized Coefficients 
 Mother Interactive Contingency  Infant Interactive Contingency 
Effect Category B SE B β SE β Effect Category B SE B β SE β 
I→M Voc * Infant 
Sex 
Femalea 0.2800 0.1224 0.1383 0.0618 M→I Voc * BW 
 
0.0002 0.0001 0.0686 0.0280 
I→M Pause * 
Mothers’ Age 
 0.0353 0.0145 0.1813 0.0720 
M→I Pause * Mat 
Dep 
 
0.0037 0.0016 0.0232 0.0100 
I→M SP * Mat Dep  0.0179 0.0078 0.1114 0.0488 M→I Pause * BW 
 
0.00006 0.00003 0.0233 0.0101 
      
M→I SP * Infant 
Sex 
Femalea 0.2179 0.0496 0.1104 0.0252 
 
Mother Self-Contingency 
 
Infant Self-Contingency 
Effect Category B SE B β SE β Effect Category B SE B β SE β 
M→M Voc * 
Ethnicity 
Blackb 0.2946 0.0844 -- -- 
I→I Voc * Infant 
Sex 
Femalea -0.1521 0.0683 -0.0771 0.0346 
M→M Voc * 
Ethnicity 
Whitec -- -- -0.1091 0.0360 
I→I Voc * Infant 
Vagal Tone 
 -11.9805 4.8726 -0.0570 0.0232 
M→M Voc * MCB  0.1081 0.0514 0.1086 0.0442 
I→I SP * Infant 
Regulation 
 -0.1463 .0370 -0.1015 0.0257 
M→M Pause * 
Infant Regulation 
 -0.1281 0.0317 -0.0885 0.0216       
M→M Pause * 
Ethnicity 
Blackb 0.1550 0.0661 -- --       
 Hispanicb 0.1674 0.0667 -- --       
 Whitec -- -- -0.0833 0.0292       
M→M SP * Mat 
Anx 
 -0.0159 0.0034 -0.1371 0.0294       
M→M SP * BW  -0.0002 0.00008 -0.0831 0.0330       
Notes: Significant interaction terms from six different models are combined, organized by self- and interactive contingencies.  Entries represent effects of self- and interactive contingency presented 
as unstandardized (B) and standardized (β) beta coefficients (SE B and SE β = standard error of beta), drawn from the best predictor models in Tables 6-11.  Standardized coefficients (β) are 
interpreted as one unit = one standard deviation from the original estimate according to the sign of the coefficient, negative or positive.  Estimates are across the group.  All effects listed are 
significant p < .05. Ethnicity = mothers’ ethnicity; Mat Dep = maternal depression by CES-D at near term-age, infant discharge from hospital; MCB = maternal caregiving behaviors; Infant Self-
Reg = NNNS Self-Regulation Summary Score; BW = infant birthweight; Mat Anx = maternal anxiety by STAI: State at near term-age, infant discharge from hospital. Vagal Tone = Recovery level 
(from still-face episode) measured by Root Mean Square of Successive Differences (RMSSD), the successive differences being neighboring RR intervals measured by ECG.   
a The reference group for B for infant sex is “Male.” b Unstandardized B for mothers’ ethnicity uses “White” as reference group. Standardized β for mothers’ ethnicity required the transformation of 
the categorical variable of mothers’ ethnicity into a binary; White (yes/no); β is for White group. 
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 The second model predicted infant vocalization durations from the infants’ prior 
vocalization durations as well as from those of the mother.  In this model (Appendix, Table 
A16), infants’ self-contingency by vocalization was significantly affected by infant sex (I→I voc 
* infant sex: female, B = -0.1521, p = .0259) such that female infants had lower self-contingency 
by vocalization than male infants.  Also, infants’ self-contingency was affected by vagal tone 
(I→I voc * vagal tone: RMSSD Recovery, B = -11.9805, p = .0140) such that infants with higher 
self-contingency of vocalization had lower vagal tone levels on recovery from the still-face 
episode.  In other words, infants who are more tightly predictable from their own prior 
vocalization durations had lower levels of vagal tone recovery.  In addition, infants’ coordination 
with mothers in vocalization was significantly affected by birthweight (M→I voc * birthweight, 
B = 0.0002, p = .0142) such that infants with higher birthweights were more coordinated with 
their mothers in vocalization.  
 Pause coordination.  The third model predicts mother pause duration from mother and 
infant prior pause durations (Appendix, Table A17).  In this model, mothers’ self-contingency by 
pause was significantly affected by NNNS: regulation scores (M→M pause * NNNS: Reg, B = -
0.1281, p = <.0001) such that mothers had higher self-contingency by pause at 4 months when 
infants had lower NNNS regulation scores in the NICU.  In other words, with infants who were 
less regulated in the NICU (poorer autonomic function), mothers were more predictable from 
their own prior pause durations.  
Mothers’ self-contingency by pause was also significantly affected by mothers’ ethnicity 
(M→M pause * ethnicity: Black, B = 0.1550, p = .0190; M→M pause * ethnicity: Hispanic, B = 
0.1694, p = .0112) such that mothers’ self-contingency by pause was higher with both Black and 
Hispanic mothers.  This means that mothers who were Black and Hispanic were more tightly 
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coordinated with themselves in pause.  No significant effects were found for the “Other” ethnic 
group.  In addition, mothers’ interactive contingency in pause was significantly affected by 
mothers’ age (I→M pause * mothers’ age, B = 0.0353, p = .0150) such that older mothers 
showed greater interactive contingency in pause durations at 4 months.  This means that mothers 
who were older were more coordinated with their infants by pause.  
The fourth model predicts infant pause durations from infant and mother prior pause 
durations (Appendix, Table A18). In this model, while controlling for NNNS: regulation and 
mothers’ education, two interactive contingency effects were found.  Infants’ interactive 
contingency in pause was significantly affected by maternal depression (M→I pause * maternal 
depression sxs [time 2], B = 0.0034, p = .0208) such that infants were more coordinated to 
mothers in pause at 4 months when maternal depression symptoms were higher at near term age.  
In addition, a significant effect of birthweight by infant interactive contingency in pause was 
found (M→I pause * birthweight, B = .00006, p = .0214) such that infants with greater 
birthweights were more coordinated with mothers in pause at 4 months.  In other words, babies 
who were born healthier (by weight) were adjusted more to their mothers’ prior pause durations.  
 Switching pause coordination.  The fifth model predicts mothers’ switching pause 
durations from mothers’ own prior switching pause durations as well as from those of her infant, 
(Appendix, Table A19).  In this model, significant effects were found in the model for maternal 
anxiety, birthweight and maternal depression.  Mothers’ self-contingency was affected by 
maternal anxiety symptoms (M→M SP * maternal anxiety [STAI:State], B = -0.0159, p = 
<.0001) such that mothers’ self-contingency at 4 months was higher when maternal anxiety 
symptoms were lower at near infant term age.  In other words, mothers who had higher maternal 
anxiety symptoms had lower coordination with their own prior switching pause behavior.   
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In addition, mothers’ self-contingency in switching pause was affected by infant 
birthweight (M→M SP * birthweight, B = -0.0002, p = .0118) such that mothers’ switching 
pause durations were more predictable from mothers’ own prior switching pause durations, when 
their infants had lower birthweights.  This means that mothers of infants who were born heavier 
were more tightly coordinated to their own prior switching pause behavior.   
In terms of interactive contingency effects, mothers’ interactive contingency by switching 
pause was significantly affected by maternal depression symptoms (I→M SP * maternal 
depression [CES-D], B = 0.0179, p = .0225) such that mothers were more coordinated with 
infants at 4 months when maternal depression symptoms were higher at near term age.  In other 
words, mothers with higher depression had more coordination with their infants’ switching pause 
durations.   
 The sixth model predicts infants’ switching pause durations from infant’s prior switching 
pause durations, and from those of his mother (Appendix, Table A20). In this model, significant 
effects were found for infant sex and NNNS: self-regulation.  Infants’ self-contingency by 
switching pause was significantly affected by NNNS: self-regulation (I→I SP * NNNS: self-
regulation summary score, B = -0.1463, p = <.0001) such that infants had higher self-
contingency by switching pause at 4 months with lower NNNS summary scores in the NICU.   
This means that infants who were less regulated in the NICU (poorer autonomic function), had 
higher self-predictability in switching pause at 4 months.  Infants’ interactive contingency was 
affected by infant sex (M→I SP * infant sex: female, B = .02179, p = <.0001) such that female 
infants were more coordinated with mothers in switching pause at 4 months.  
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Size of Coefficients 
Table 6 illustrates significant findings by self- and interactive contingency using both 
unstandardized and standardized beta coefficients.  Unstandardized coefficients are measured in 
the unit in which the predictor was measured (e.g. birthweight, grams).  In order to be able to 
compare coefficients with each other easily, standardized beta coefficients were computed.17  
With standardized variables, the units are removed.  All variables have a mean of zero and a 
standard deviation of 1.  
The strongest predictors over all models were mothers’ age (β = 0.1813), infant sex (β = 
0.1383) and maternal anxiety (β = -0.1371).   The findings with the largest coefficient sizes from 
each of mother and infant self- and interactive contingencies are reported below.  All 
standardized coefficients are reported in Table 6.    
Across the models, the largest coefficient sizes were observed in mothers’ interactive 
contingencies (the upper left quadrant of Table 12) which show larger effect sizes relative to 
other contingencies.  The largest coefficient size (standardized) over all coefficients was 
observed for the interaction between mothers’ interactive contingency by switching pause and 
mothers’ age (β = 0.1813, SE = 0.0720).  This indicates that older mothers are more coordinated 
to their infants by switching pause (0.1813 more for every SD increase in mothers’ age).     
                                                          
17 Standardized coefficients (β) are interpreted as one unit = one standard deviation from the original estimate according to the 
sign of the coefficient, negative or positive.  Standardized coefficients should be interpreted with caution when applied to 
categorical variables.  It is possible to standardized variables with 2 categories, but not more.  As such, for standardized 
coefficients, mothers’ ethnicity was transformed into White/Not White and sex into Male/not Male.  Other binaries were tested 
for ethnicity (e.g. Black/not Black), but no other binary held significance.  With categorical variables, interpret the size of the β in 
relation to other β, rather than as a single equation (i.e. I→M Voc * Infant Sex has a β of 0.1383, where it is not possible to 
interpret 1 SD of infant sex).    
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The largest of mother self-contingency findings was observed in mother self-contingency 
for switching pause, where mothers’ self-contingency for switching pause was predicted by 
maternal anxiety (0.1371 higher self-contingency for every SD decrease maternal anxiety, β = -
0.1371, SE = .0294).  Other strong coefficient sizes show that ethnicity is a powerful predictor of 
mother self-contingency in vocalization and in pause and that maternal caregiving behaviors are 
a powerful predictor of mothers’ self-contingency in vocalization. 
The largest infant interactive contingency finding that was observed shows that infant 
girls are significantly more coordinated to mothers by switching pause than infant boys (β = 
0.1104, SE 0.0252).  The strongest predictor of infant self-contingency was observed in infants’ 
neurobehavioral organization such that it strongly predicted infants’ self-contingency by 
switching pause (β = -0.1015, SE = 0.0257).   
Post-Hoc Analyses: Exploring the Meaning of Self-Contingency 
 To explore the meaning of self-contingency, correlations were run for predictors by 
predictors (Appendix, Tables A21-23), contingency estimates by contingency estimates 
(Appendix, Table A24) and predictors by contingency estimates (Appendix, Table A25-28).  
Correlation matrices required the use of per-dyad scores for vocal contingency estimates, rather 
than across-group estimates.  Per-dyad self- and interactive contingency estimates were 
correlated with an array of infant and maternal predictor variables to aid in the interpretation of 
higher versus lower self- contingency.  Note that the per-dyad contingency estimates are not 
equivalent to the estimates across the group from multi-level time-series models. 
Whereas an assumption was made based on the literature (Feldman, 2006; 2009) 
regarding the meaning of higher interactive contingencies such that higher interactive 
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contingency is more optimal in this high-risk premature infant group, no hypotheses were made 
for self-contingency due to the absence of prior literature. Thus, the models predicting self-
contingency analyses were exploratory.  In this section, the post-hoc exploration of the meaning 
of self-contingency is explicated.  
 Several specific significant correlations illustrate that lowered self-contingency is more 
optimal in these dyads.  Older mothers were found to have older preemies (by gestational age, r 
= 0.36, p = .0354) and preemies with higher (better) baseline vagal tone (high-frequency 
measure, r = 0.38, p = .0536).  Older mothers had more education (r = 0.50, p = .0536) and 
mothers with more education had better quality maternal caregiving behaviors (r = 0.48, p = 
.0044).  Taken together, these correlations illustrate that older mothers have healthier preemies 
and better quality maternal caregiving behaviors.   
Upon examination of correlations between self-contingencies by vocal state and mothers’ 
age, it was found that mothers’ age correlates negatively with self-contingencies of infant 
vocalization (r = -0.40, p = .0179), and both mother pause (r = -0.53, p = .0013) and infant pause 
(r = -0.34, p = .0512).  Further, with healthier babies (by NNNS: Self-Regulation score), lower 
self-contingencies for mother vocalization (r = -0.37, p = .0347) and infant switching pause (r = -
0.40, p = .0251) were noted.  
 Taken together, these correlations support the notion that lower self-contingency is more 
optimal for 5 of the 6 configurations.  The one exception is in mother switching pause self-
contingency, for which there is no direct support either way.  
 An inter-correlation matrix was constructed to analyze how self- and interactive 
contingencies were correlated with one another (Table A24).  Results indicate that mother self-
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contingency for pause was the most widely correlated, with significant correlations to six other 
contingencies.  Mother self-contingency for vocalization was significantly correlated to five 
other contingencies and mother contingency for switching pause was significantly correlated to 
three other contingencies.  The prevalence of significant inter-correlations at the per-dyad level 
indicates a high level of coherence in vocal behavior contingencies.  
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Discussion 
 This study investigated vocal rhythm coordination between mothers and infants at 4-
months (CA) in a preterm infant sample.  Vocal rhythm was assessed through the self- and 
interactive contingency of both partners. The effects of infant autonomic maturity, neonatal 
neurobehavioral regulatory capacity and degree of prematurity on vocal rhythm coordination 
were examined.  Maternal influences including the quality of maternal caregiving behaviors, 
depression and anxiety symptoms were also examined to see if they contributed to vocal rhythm 
coordination.  In addition, demographic effects including infant sex, mothers’ age, and mothers’ 
education level were assessed to see if they contributed to vocal rhythm coordination.   
Summary of Results 
Results indicated that mothers and preterm infants were coordinated through pause and 
switching pause durations, suggesting that these essential mechanisms of vocal rhythm 
coordination are present in premature infant-mother dyads.  Bidirectional coordination was found 
for mothers’ and infants’ switching pause; unidirectional coordination was present for mothers’ 
pause.  Descriptive results suggest that preterm infants and their mothers utilize a slower 
dialogical rhythm as compared to full-term infants.   
As hypothesized, both infant influences and mother influences contributed to vocal 
rhythm coordination at 4 months (CA).  Infant sex, birthweight, neonatal neurobehavioral 
regulatory capacity (NNNS: regulation) and vagal tone predicted mother-infant vocal 
coordination.  In addition, mothers’ age, ethnicity, depression and anxiety symptoms also 
contributed to vocal coordination.  
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Vocal Rhythms of Mothers and Preterm Infants  
Preterm infants and their mothers are coordinated in pause and switching pause: 
Interactive contingency results.   
The present study began with the question: Are premature mother-infant dyads 
coordinated to each other according to vocal states?  Hypothesis I stated that across the group 
premature mother-infant dyads would be coordinated according to vocal states, with the greatest 
coordination effects occurring through pause and switching pause (versus vocalization) and with 
mothers showing more coordination to infants than infants to mothers.  
Across the group preterm infants and their mothers were coordinated in 3/6 interactive 
contingency measures and 6/6 self-contingency measures, indicating that preterm infants and 
mothers are significantly coordinated via vocal states at 4 months (CA).  Bidirectional interactive 
contingency showed that both mothers and infants are significantly coordinated to each other 
through switching pause.  Unidirectional mother pause contingency demonstrated that mothers 
are coordinated to their infants through pause (while infants are not coordinated to mothers 
through pause).  Interactive contingency was not found for either partner by vocalization.  
Significant self-contingency findings across all six configurations by partner and vocal state 
demonstrate that partners are relatively stable and predictable according to vocal behaviors. 
According to Feldman and Eidelman (p. 291), parent-infant synchronous coordination 
emerges as a result of numerous parent, infant and environmental influences combined over the 
course of the infant’s life (Belsky, 1984; Feldman, 2007).  Experiences of parent-infant 
synchrony establish the foundation for infant development in cognitive, symbolic, regulatory and 
socio-emotional domains (Feldman & Eidelman, 2004; Feldman, Greenbaum, & Yirmaya, 1999; 
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Feldman, Greenbaum, Mayes, & Yirmaya, 1996; Jaffe, et al., 2001).  Vocal rhythm, like 
synchronous states, are built in an iterative and recursive way from micro and macro moments of 
transactional significance; that is, using the building blocks of daily communicative experiences.   
Prior work by Lester, Hoffman and Brazelton (1985) and Feldman and Eidelman (2006) 
demonstrated that preterm parent-infant dyads are capable of achieving states of affective 
synchrony according to “monadic phases.”18  Results from the present study support these prior 
findings in the domain of vocal rhythm coordination.  Mothers are coordinated to their infants 
through pause and both mothers and infants are coordinated to each other through switching 
pause, at the moment of the turn exchange.   
Further, the present interactive contingency results are consistent with Jaffe and 
colleagues’ (2001) position that the vocal states of pause and switching pause guide the 
dynamics of vocal interaction.  No significant interactive contingency results were found in 
vocalization.  Evidence suggests that durations of vocalizations are biologically constrained by 
natural breathing rhythms (Jaffe, Cassotta, & Feldstein, 1964; Jaffe, et al., 2001), which makes 
interpersonal coordination by vocalization less likely.  Pauses and switching pauses, however, 
are not constrained by biological properties and are guided by and guide the dynamics of vocal 
rhythm coordination. 
Vocal coordination of sound and silence encompasses both systematic “matching” 
(positive sign) and inverse “compensatory” (negative sign) patterns.  The negative or positive 
sign is associated with the beta estimate (B) of coordination (Table 4) for dyads across the group.  
                                                          
18 Recall that “monadic phase” is a research construct that operationalizes the moment-to-moment affective 
relationship into units of expressive behavior for each partner scored along a continuum from negative to neutral to 
positive affect (Tronick, Als, & Brazelton, 1980).  Matching monadic phases is termed “synchrony.”   
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Mothers were found to be coordinated to their infants by pause with a negative sign, indicating 
that as mothers’ pause durations lengthen, infants’ pause durations shorten.  For switching pause, 
both mothers and infants were found to be coordinated to the other with a positive sign, 
indicating a pattern of matching: both partners coordinated their switching pause durations to the 
other.  For both partners, as one lengthened their switching pause, the other also lengthened their 
switching pause.   
The signs of all three significant interactive contingency effects observed in the current 
study are consistent with prior findings by Jaffe and colleagues (2001, p. 69-73) who found that 
vocalization and pause coordination signs were negative, while switching pause, and 
simultaneous speech coordination signs were positive.  In Jaffe and colleagues’ interpretation, as 
the switching pause denotes the primary mechanism of the regulation of turn-taking, the 
matching of switching pause durations represents the predictable exchange of speaker-listener 
roles, one that is shared by both partners (p.94). Switching pause coordination has been found 
previously in 4 month and 9 month old infant-adult interactions as well as in adult-adult 
interactions (Jaffe, et al., 2001; Jasnow & Feldstein, 1986; Jaffe & Feldstein, 1970; Crown, 
1991).  That this pattern is also found in preterm mother-infant dyads at 4-months (CA) in the 
present study indicates that these dyads are regulating the turn exchange in a similar manner to 
both full-term infant dyads and adults.  This is an encouraging finding, one that demonstrates a 
degree of intact social competence for the preterm mother-infant dyad according to an important 
dialogical state. 
For the states of vocalization and pause, the negative sign indicates that as one partner 
lengthens durations, the other partner shortens durations, and vice versa (Jaffe, et al., 2001, p. 
94).  In the present study, vocalization and pause were investigated and significant interactive 
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contingency was found only for mothers’ pause.  According to Jaffe and colleagues: “this 
compensatory mode of coordination constitutes a dyadic regulation of relative tightness of 
coordination within the turn” (p. 95).  In the cases of vocalization and pause, the “task” is to 
maintain “a relatively constant dyadic degree of activation across both partners’ turns, a 
homeostatic… mode of regulation” (p. 95).  The negative sign indicates the homeostatic pattern. 
Pauses can be seen as the primary means of regulating the interaction, as pauses function 
as a sort of vocal “pacing system” that regulates the activation level of the vocal interaction.  
Significant mother pause coordination, in the absence of infant pause coordination, indicates that 
mothers are more responsible for the homeostatic regulation of the pace of the vocal interaction 
within the preterm infant dyad, using pauses as the organizing force.  When viewed in this way, 
the results make intuitive sense, as mothers are exponentially more organized on all levels than 
their preterm infants, and thus capable of operating the pacing system in a way that preterm 
infants evidently are not.  
Mothers and infants are self-rooted: Self-contingency results. 
 The second primary research question asked: Do preterm infants and their mothers 
demonstrate predictable rhythms of vocal behavior with regard to their own prior behavior?  
Hypothesis II proposed that mothers would be more likely to show significant self-contingency 
than infants.  
Self-contingency means the relative stability and predictability of one individual’s 
behavior from his prior behavior.  This process is a non-conscious self-regulatory process.  
Significant self-contingency results were found across the group in the present sample in all three 
vocal states for both partners.  This indicates that both mothers and infants were predictable from 
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their own prior vocal behavior.  This finding is consistent with prior studies that demonstrate that 
predictable self-contingency is a necessary component of dyadic interaction (Feldman, 2007; 
Beebe, et al., 2016).  In addition, for infants, predictable self-contingencies indicate temporal 
coherence in gaze behaviors that are interpreted to signify stable interest and arousal (Messinger, 
Ekas, Ruvolo, & Fogel, 2012).    
Moreover, by inspection, the effect sizes for all self-contingency findings were larger 
than the corresponding interactive contingency estimates.  This, too, is consistent by prior 
contingency studies that demonstrate that self-contingencies are a stronger contributor to face-to-
face interaction than interactive contingencies.  According to Beebe and colleagues, “both 
mother and infant are more ‘self-rooted’ than coordinated with the partner” (2016, p. 566).  They 
note that atypical degrees of self-contingency are markers of potential risk or dysfunction.  For 
example, excessively high self-contingency in touch was noted in future disorganized infants 
and, self-contingency in facial-visual engagement was too low in future disorganized infants 
(Beebe, et al., 2010).  As the present study does not compare per dyad scores of self-contingency 
within the group or with another group or pursue nonlinear relationships, it is impossible to 
determine degrees of self-contingency for either partner relative to full-term infants.  However, 
the presence of significant self-contingency for both partners by all vocal states does indicate that 
in the present sample, both partners are to some degree exhibiting predictable and “self-rooted” 
patterns of vocal behavior.  
 By inspection, infants showed greater magnitudes of self-contingency for both 
vocalization and pause relative to mothers.  Upon inspection of switching pause beta estimates, 
mothers showed larger self-contingency estimates than infants.  All self-contingency findings 
were highly significant at p <.0001.  The self-contingency results for vocalization and pause that 
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infants were more self-contingent than mothers may due to the fact that mothers have a greater 
range and variability to their vocal behaviors.  Mothers, for example, can rhyme and sing, 
generally using more complex cadence to express linguistic content. This impacts both 
vocalization and pause.  Infants, on the other hand, have a limited repertoire, using more basic 
forms of vocal expression such as coos, goos and “marginal” babbling (Oller, Eilers, Neal, & 
Schwartz, 1999).  Switching pause, as a dyadic construct, does not depend on age or maturity-
based characteristics.  For mothers to show greater self-contingency in switching pause, while 
showing lesser self-contingency in vocalization and pause, in fact, makes sense given the 
differences in maturity and vocal abilities.   
Infant and Mother Influences Predict Vocal Coordination at 4-Months (CA): Results from 
Models  
Six models were constructed to identify how infant and mother variables best predict 
vocal coordination for this preterm infant group at 4 months (CA).  Infant variables of sex, 
birthweight, neurobehavioral organization and vagal tone best predicted mother-infant vocal 
coordination.  Mother variables of age, ethnicity, depression symptoms and anxiety symptoms 
best predicted mother-infant vocal coordination.   
With support from the literature and from post-hoc analyses, the interpretation of higher 
versus lower contingencies in the models is as follows: lower self-contingency is considered 
more optimal while higher interactive contingency is considered more optimal.  Lower self-
contingency indicates that the individual’s behavior is more variable.  Given that the group is at 
high-risk of social dysfunction, higher interactive contingency indicates that the dyad is working 
well together, more coordinated and more influenced by each other’s behaviors (Feldman, 2006; 
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2009). Working with these assumptions, lower self-contingency coupled with a higher 
interactive contingency in a given model represents a more open, receptive and effective dyadic 
system. 
It is possible that very high and very low poles of self-contingency have nonlinear 
associations with infant and mother influences.  This study did not explore nonlinear associations 
and therefore cannot address specifics; however, many researchers have found that interpersonal 
contingencies are optimal at a midrange level (Belsky, Rovine & Taylor, 1984; Isabella, et al., 
1989; Malatesta, Culver, Tesman & Shepard, 1989; Beebe, 2000; Jaffe, et al., 2001).  
Researchers have also noted that intrapersonal contingencies may be more optimal at the 
midrange for certain behaviors (van den Boom, 1994; Malatesta, et al., 1989; Bornstein, 2013).  
Exploring nonlinear associations between the mother and infant influences and vocal 
coordination outcomes as they are presented here is a possible avenue for future research.  
Infant influences predict self- and interactive contingencies. 
Hypothesis III proposed that the degrees of mother-infant coordination would be 
uniquely affected by infant characteristics, with degree of prematurity expected to be the most 
powerful predictor of mother-infant vocal coordination.  Results of the models show that (see 
Table 5) both birthweight and infant sex are the most frequent predictors of mother-infant self- 
and interactive contingency. Significant effects were found for birthweight and sex in 3/6 models 
(not the same models).  Infant neurobehavioral organization in the NICU (NNNS: Regulation 
Summary Score) was found to be a significant predictor in 2/6 models and infant vagal tone in 
1/6 models.   
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Degree of prematurity.  Hypotheses II proposed that degree of prematurity would be the 
strongest influence over mother-infant vocal coordination, based on the breadth of research 
chronicling the social, emotional and regulatory challenges faced by preterm infants (e.g. Als, 
1995; Minde, 2000; Geva & Feldman, 2008; Nosarti, et al., 2010).  Results supported this 
primary hypothesis with three significant findings in the best predictor models: infant 
birthweight was a significant predictor in 2/3 infant interactive contingency models and for 
mothers’ switching pause self-contingency.  Infant birthweight was used as a proxy for degree of 
prematurity.19   
The degree to which relative prematurity impacts infant developmental capacities has 
been explored minimally in the literature, with most studies focusing either only on high-risk 
premature infants or comparing premature infants to full-term infants.  In the present study, 
exploring the effect of degree of prematurity within a wide range sample (GA range: 26.00 
weeks to 34.71 weeks; birthweight range: 777 grams to 2280 grams) allowed for new insights 
into the relative capacities of preterm infants. 
Specifically, infant birthweight predicted two infant interactive contingencies: 
vocalization and pause, indicating that infants with greater birthweights adjust their vocalization 
and pause durations to those of their mothers’ to a higher degree.  As higher interactive 
contingency is deemed more optimal in this at-risk premature sample, infants with greater 
birthweights have more optimal interactive contingencies for vocalization and pause.  These 
interactive contingency findings suggest that degree of prematurity is an important factor in the 
premature infant’s ability to coordinate his vocal durations to those of his partner (when 
                                                          
19 As suggested by Dr. Raymond Stark, Professor of Pediatrics, Columbia University College of Physicians and 
Surgeons, in a study design meeting, November 2011. 
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controlling for specific infant and mother variables20).  This is particularly important given the 
fact that in the across-group analyses without predictors, infants did not have significant 
interactive contingencies in vocalization or pause (Table 4).  This indicates that only in the 
presence of specific covariates (see footnote, Appendix Tables A16 and A18)) does greater 
infant birthweight result in significant infant interactive contingencies.   
Prior research compared full-term and two premature infant groups by gestational age 
(highly correlated with birthweight in our sample, Table A21, Appendix) with mother-infant 
synchrony, biobehavioral rhythms and neurobehavioral organization (Feldman, 2006).  Feldman 
found that sleep-wake cycles and cardiac vagal tone were associated with degree of prematurity 
such that more premature infants had lower scores and poorer maturation (linear decline).  The 
present study had no corollary for sleep-wake cycles, but did also find that cardiac vagal tone 
was significantly correlated with degree of prematurity by both birthweight and gestational age 
(Table A21).   
In addition, Feldman (ibid) found that the amount of negative emotionality at 3 months 
was associated with degree of prematurity such that more premature infants displayed the most 
negative affect, less premature infants had less negative affect, and full-term infants had the least 
amount of negative affect.  The most premature infant group had significantly lower levels of 
mother-infant synchrony (though this finding did not follow a linear trend by GA).  Feldman’s 
work illustrates the importance of degree of prematurity in several outcome domains (as opposed 
to “premature versus full-term”).  Results from the current study that infants’ interactive 
                                                          
20 The association between birthweight and infant vocalization interactive contingency was significant while 
controlling for infant sex and vagal tone (Table A16).  The association between birthweight and infant pause 
interactive contingency was significant when controlling for infant regulation scores, mothers’ education and 
maternal depression (Table A18). 
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contingencies are associated with degree of prematurity directly supports Feldman’s findings that 
degree of prematurity is an important factor in infant developmental capacities, and, specifically 
that degree of prematurity influences cardiac vagal tone and mother-infant synchrony 
(coordination).  
Infant birthweight also predicted mothers’ self-contingency in switching pause, that is, 
the degree to which mothers coordinated the durations of their switching pauses to their own 
prior behavior.  That mothers would adjust their self-contingency by switching pause in 
accordance with their infant’s relative prematurity makes some intuitive sense.  Results indicate 
that mothers’ self-contingency is higher as infants’ birthweight decreases, and vice versa.  
Mothers adjust the predictability of their switching pause durations to be more predictable when 
their infants are more premature (lower birthweights).  As post-hoc analyses suggest that higher 
self-contingency is less optimal, this finding appears to demonstrate a less optimal dynamic for 
mothers and infants when infants are more premature, at first.  Mothers demonstrate higher (less 
optimal) switching pause self-contingency in the context of more premature infants.  However, it 
is possible that because more premature infants (lower birthweight) are less organized socially 
and internally, they may actually elicit higher self-contingency behaviors in their mothers, as 
these infants benefit from a more stable and predictable partner.   
Infant sex.  Infant sex significantly predicted mother interactive contingency in 
vocalization, infant self-contingency in vocalization and infant interactive contingency in 
switching pause.  Mothers had better interactive contingency (higher) by vocalization to female 
infants, female infants had lower self-contingency (better) and that female infants had higher 
interactive contingency (better) in switching pause.  Essentially, mother-infant dyads with female 
infants had better vocal coordination than those with male infants.  
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Sex effects have been well-documented in preterm infant samples, with sex differences 
thought to be an important source of individual variation among preterm infants.  For example, 
male infants are more sensitive to perinatal risks than females (Spinillo, et al., 2009) and perform 
worse on neonatal neurobehavioral tests (Lundqvist & Sabel, 2000; Boatella-Costa, Costas-
Moragas, Botet-Mussons, Fornieles-Deu, & de Cáceres-Zurita, 2007).  Preterm infant females 
demonstrate better social skills than males on neonatal assessments (Alvarez-Garcia, Fornieles-
Deu, Costas-Moragas, & Botet-Mussons, 2015).  In addition, state development (in terms of 
sleep-wake states) varies in male and female preterm infants, such that males are less alert and 
have more diffuse (immature) states than females, making males more difficult to interact with 
and interpret sensitively (Foreman, Thomas, & Blackburn, 2008).   
Several studies have shown that the quality of mother-infant interactions differs by infant 
sex (Cho, Holditch-Davis, & Belyea, 2007).  As Cho and colleagues outline (p. 90), some 
evidence points to sex differences in sensori-motor function beginning in infancy as a possible 
explanation (Johnson, 2000), as female infants are more sensitive to their mothers’ touch, have 
better hearing, and are more responsive to eye contact (Reinisch & Sanders, 1992; Lutchmaya, 
Baron-Cohen, & Raggatt, 2002).  Evidence suggests that sex effects persist for premature infants 
and their mothers.  One study noted that mothers were found to show more positive interactive 
behaviors toward their 3 year old prematurely born girls than boys and, further, that girls were 
more likely to respond positively to their mothers (Cho, Holditch-Davis, & Belyea, 2007).   
In the present study, infant sex affected the quality of mother-infant vocal coordination, 
as higher (better) interactive contingencies were observed with female mother-infant dyads.  This 
may be in part due to differences in how male and female infants are specifically affected by 
being born premature.  These differences may be compounded by development, as sex 
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differences in sensori-motor capacities emerge in infancy and further diverge over time.  These 
behavioral and developmental differences may contribute to mothers’ experiences of their female 
versus male infants, resulting in more and better quality attention shown to girls.   
In addition, female infants showed lower (more optimal) self-contingency by 
vocalization. A wealth of research demonstrates that there are significant sex differences in 
developmental brain morphology, neurochemical and functional levels of organization pertaining 
to vocal communication and language development (Schaadt, Hesse, & Frederici, 2015; Quast, 
Hesse, Hain, Wermke & Wermke, 2016).  For example, researchers have found strong 
correlations between sex hormones in infancy and properties of vocal production in 5-month-old 
infants, such that estradiol had a significant positive relationship with the frequency and quality 
of pre-speech cooing and babbling while testosterone had a converse negative relationship (ibid).  
While both of these hormones are present in both sexes, females have significantly higher levels 
of estradiol and males have significantly higher levels of testosterone.  As these sex hormone 
differences are related to vocal production, it may follow that female infants are more practiced 
in vocalization and therefore demonstrate lower (more optimal) self-contingencies earlier than 
males. 
 Infant neurobehavioral organization: NNNS regulation.  Infant neurobehavioral 
organization predicted both mother and infant self-contingencies in a positive association: 
mother self-contingency in pause and infant self-contingency in switching pause.  Better 
regulation scores on the neonatal assessment using the NNNS (Lester & Tronick, 2004) 
predicted lowered self-contingencies, consistent with the post-hoc analyses that lower self-
contingencies are more optimal.   
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The NNNS regulation summary score combines scores on physiological, motor and 
attentional activation as well as the relative ease with which the examiner can soothe the infant 
and the infant’s capacity to soothe himself.  According to a systems view of communication, 
self-regulatory processes are interrelated with interactive regulatory processes and are therefore 
considered to be inextricable components of the same system (Sander, 1977; Gianino & Tronick, 
1988; Fogel, 1993; Sameroff, 2010; Beebe, et al., 2016).  The regulation summary score, 
compared with other NNNS summary scores, uniquely reflects a systems view by incorporating 
both the examiner’s experience of soothing the infant with an assessment of the infant’s ability to 
soothe himself.  Infant regulation can be seen as a fundamentally dyadic process, one that relies 
on the influences of caregivers and the environment for optimal function (Thompson, 1994; 
Stansbury & Gunnar, 1994; Fox, 1994; Winberg, 2005).  For the preterm infant, these 
dependencies are much greater (Feldman, 2009).   
Infant NNNS regulation predicted infant self-contingency in switching pause, the most 
dyadic of all vocal states examined here.  Infants with lowered switching pause self-contingency 
were better regulated.  Lowered self-contingency in this context indicates that infants were more 
flexible, more loosely predictable from their own prior behavior, which may allow the partner’s 
influence to have more of an effect on the infant’s behavior.  This interpretation aligns well with 
the dyadic nature of infant regulation.  For example, if an infant were highly self-contingent, he 
would demonstrate behavioral rigidity and inflexibility; he would be less likely to be influenced 
by his partner. On the other hand, if an infant were loosely self-contingent, he would exhibit 
flexibility and openness in his behavior, receptive to interpersonal influence.   
That infant neurobehavioral organization scores would predict infant self-contingency is 
a more straightforward result.  However, it is interesting to find that infant neurobehavioral 
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organization significantly predicted mother self-contingency in pause.  The interpretation of this 
finding refers back to the discussion of pauses as the “vocal pacing system” with mothers as the 
primary operator of homeostatic regulation of vocal behaviors.  Recall that significant results 
were found for mother pause coordination (interactive contingency) but not for infant pause 
coordination, suggesting that mothers are more responsible for the homeostatic regulation of the 
vocal interaction, using pauses as the organizing feature.  That infant neurobehavioral 
organization would predict mother self-contingency for pause (and not infant, and not other 
vocal states) aligns with the theory presented here that mothers support and regulate the 
interaction through their own pause predictability, and more so for infants who have poorer 
regulation themselves.  
 Infant vagal tone.  Infant vagal tone on recovery from the still-face episode was found to 
predict infant self-contingency in vocalization, when controlling for infant sex and birthweight.  
Higher infant vagal tone predicted lower infant self-contingency in vocalization.  Cardiac vagal 
tone is a biological “pacemaker” (Feldman, 2006, p. 177) that measures the effect of respiration 
on heart rate variability, providing a non-invasive measure of the effectiveness of the autonomic 
nervous system (specifically, the parasympathetic system).  Strong vagal tone (higher) indicates 
that the organism is able to maintain relative homeostatic stability and optimal flexibility in the 
face of stress reflecting coping skills (Porges, 1991, 2011).   
In 3 month old infants, higher vagal tone and better vagal brake regulation were 
associated with better ability to regulate affective response to stress (Huffman, et al., 1998).  
Moore & Calkins (2004) found that infants’ physiological regulation via heart rate and vagal 
tone influenced mother-infant synchrony and matching of affective states.  Feldman (2006) 
demonstrated that vagal tone has a negative linear relationship with infant degree of prematurity 
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such that more premature infants show lower vagal tone, poorer autonomic maturation.  Further, 
Feldman (ibid) vagal tone was found to be uniquely predictive of mother-infant synchrony 
demonstrating that the infant’s capacity to regulate arousal efficiently contributes to mother-
infant synchrony at 3 months.  
Results from the current study show that infant self-contingency is specifically affected 
by vagal tone.  This finding suggests that infants with better internal regulation and coping skills 
have lower self-contingency by vocalization.  This supports the assumption based on the post-
hoc analyses that lower self-contingencies are more optimal in the present group.  In addition, 
this finding points to the importance self-contingency as an index of infant capacities.  
Importantly, in this model (Table A16) the effect of vagal tone on infant vocalization self-
contingency controls for both infant birthweight and infant sex, both previously discussed as 
having their own meaningful effects on mother-infant self- and interactive contingencies.  
It is interesting to note that the results did not show significant effects of infant vagal tone 
on any of the interactive contingencies, as might have been expected from the literature 
demonstrating the associations between vagal tone and 3-month mother-infant synchrony.  
However, in the model predicting mother vocalization self- and interactive contingency 
(Appendix, Table A15), vagal tone was an essential moderator that contributed to the 
significance of the other interaction terms.  Similarly, in the model predicting infant vocalization 
self- and interactive contingency (Appendix, Table A16), vagal tone was a significant interaction 
term and a covariate for other significant interaction terms of infant sex and birthweight.  Thus, 
while infant vagal tone did not directly predict mother or infant interactive contingencies, it did 
have a significant and essential impact on both vocalization models.  
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While pause was previously discussed as the “vocal pacing system” for the interaction, 
vocalization works in tandem with this system.  Infants with stronger vagal tone are less buffeted 
by stressful situations, better able to cope with stress and better able to regulate general levels of 
arousal.  Vocalizations reflect activation for the infant.  That vagal tone was implicated in 
vocalization models makes sense because infant vagal tone is the infant’s internal regulatory 
system, one that influences his relative ability to regulate his activity-reactivity levels.   
Maternal influences predict self- and interactive contingencies. 
 Hypothesis IV proposed that the degree of mother-infant vocal coordination would be 
affected by maternal characteristics of age, ethnicity, education level and symptoms of 
depression and anxiety.  Table 5 presents the results of the best predictor models, illustrating that 
mothers’ age, ethnicity, caregiving behavior and symptoms of depression and anxiety all had 
significant predictor effects on mother-infant self- and interactive contingencies.  Mothers’ 
education did not emerge as a significant predictor; however, it was included as an essential 
moderator in the model predicting infant pause (see Table A18 in the Appendix).  Mothers’ age 
also emerged as an essential moderator in the model predicting mothers’ vocalization (see Table 
A15 in the Appendix).  
 Mothers’ age, education and quality of caregiving.  Mothers’ age significantly predicted 
mother pause interactive contingency (Table 5, Table A17 in the Appendix) such that older 
mothers had higher interactive contingency in pause.  Maternal caregiving behavior significantly 
predicted mother vocalization self-contingency (Table 5, Table A15 in the Appendix).  Mothers’ 
age was significantly correlated with mothers’ education and mothers’ education was 
significantly correlated with the quality of maternal caregiving behavior.  While all three did not 
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emerge as significant predictors in the models, these correlations indicate that mothers’ age, 
education and quality of caregiving behavior are intimately related.   
 Given that older mothers were more educated and that more educated mothers had better 
quality caregiving behavior, it makes sense that older mothers had lower (more optimal) self-
contingency for pause.  Recall that in the vocal rhythm model (Jaffe & Feldstein, 1970; Jaffe et 
al., 2001), pause indexes the vocal pacing system.  In our sample, mothers lead this system with 
significant interactive contingency for pause (Table 4).  Results suggest that older mothers are 
better able to guide the vocal pacing system for the dyad.  Importantly, also included in the 
mother pause model were significant effects for infant regulation (NNNS) and mothers’ 
ethnicity, suggesting that it is necessary to control for these effects in order to observe the 
significant effect by mothers’ age.  
 Research on the effects of maternal age on parenting is mixed.  Some research suggests 
that later childbearing is positively associated with motivation for motherhood, stronger 
maternal-fetal relationships and formulation of a positive concept of maternal role (Gottesman, 
1992).  Gottesman (ibid) also found that early childbearing has a negative effect on prenatal 
adjustment to the new role as a mother.   
On the other hand, being an older mother has been associated with difficulty adapting to 
the lifestyle change of becoming a parent (Hewlett, 2002).  Maternal age has also been 
associated with a decreased sense of gratification in their new role (Mercer, 2004). Other 
research suggests that there are more complex associations between maternal age and parenting 
styles (Arnott & Brown, 2013).  Researchers found that older, more educated mothers were more 
anxious, relied more on the use of routine and had stronger beliefs that infants should be 
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independent. These characteristics have context dependent consequences, as they likely interact 
with the temperament and regulatory capacities of the infant and environmental context. 
 In the present group, mothers’ mean age was 33.59 (SD 5.08), which is already on the 
high end of the age range for mothers with regard to most research on this topic.  In addition, the 
present group is highly educated, with more than 70% having completed college or more.  This 
indicates that the maternal age range and education levels are not comparable to other studies.  In 
effect, in the present study, being an “older mother” is older in an overall older group.  While the 
use of mothers’ age as a continuous variable enables the range to be explored, comparisons with 
prior work may not line up easily.   
In addition, there may be an interaction effect that is not observable in the present study 
design such that being older and having a premature infant yields different outcomes than just 
being older and becoming a mother.  In our premature sample, there may be specific reasons why 
older mothers show more optimal mother-infant coordination outcomes.  For example, being 
older is associated with greater risk of infertility and also with the use fertility assistance 
(Olausson, et al., 1999; Hoffman, et al., 2007).  By participating in fertility treatments, mothers 
are more likely to have a multiple pregnancy, which increases the risk of premature birth 
(Gilbert, et al., 1999).  Mothers who undergo fertility treatments are typically extremely 
motivated to become a parent, which may positively influence coordination outcomes.   
In an interview study of older parents who conceived using IVF, most men and women 
saw childbearing later in life as advantageous (MacDougall, Beyene, & Natchtigall, 2012).  
These parents cited such advantages as having established careers, financial security, career time 
flexibility, enhanced emotional preparedness and committed co-parenting relationships.  Some 
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disadvantages noted were having a smaller family than desired (but at the same time, feeling 
“lucky” to have children at all), less energy for parenting, less overall lifetime to spend with 
children and felt stigma as older parents.  Many of these advantages would be expected to 
facilitate mother-infant coordination.  Even the cited disadvantage of having a smaller family 
than desired results in the parent’s feeling of being “lucky,” which certainly translates to the 
child being wanted and welcomed into the family. 
 The present finding that better maternal caregiving behavior predicted higher mother self-
contingency (more optimal) for vocalization is counterintuitive, in the context of other findings.  
It is important to note that in this model (as in all of the other models), the significant interaction 
effect of maternal caregiving behavior on self- and interactive contingencies is controlled for all 
other terms in the model (see Table A15, Appendix).  Only within the structure of this model did 
better maternal caregiving behavior predict higher mother self-contingency.  It is difficult to 
make sense of this finding, but one possible explanation is that because the sample size is so 
small (N = 34), when controlling for these other effects, individual differences in a small subset 
of dyads emerges for whom higher mother self-contingency in vocalization is actually better.  
This finding may also suggest that important nonlinear relationships are present and, since the 
present analytic strategy did not explore nonlinear models, the more accurate picture remains to 
be seen.  An alternate explanation could be that whether higher or lower self-contingencies are 
more optimal differs by partner and vocal state; for mothers higher self-contingency could be 
better or for vocalization higher self-contingency could be better.  The previous two explanations 
are preferred, though the latter explanation could also be tested in future work. 
 Mothers’ ethnicity.  Effects of mothers’ ethnicity were observed in two of the models: 
predicting mothers’ vocalization coordination and mothers’ pause coordination.  Specifically, 
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Black mothers showed higher self-contingencies for both vocalization and pause and Hispanic 
mothers showed higher self-contingencies for pause.  This indicates that mother’s vocal state 
durations are more tightly coordinated to the durations of their prior vocal states.  Working with 
the post-hoc assumption that lower self-contingencies are more optimal and higher self-
contingencies less optimal, these results indicate that Black and Hispanic mothers are at a 
disadvantage, as compared to White and “Other” mothers.   
While these findings are significant, it is impossible to interpret them with confidence 
given the small sample size.  For most of the measures in this study, it was possible to utilize 
them as continuous variables to maximize the power of the sample.  However, mothers’ ethnicity 
and infant sex were necessarily used as categorical variables.  Using infant sex as a categorical 
variable created an even split (males = 17, females = 17).  Mothers’ ethnicity created a distinctly 
uneven set of four categories, with a predominantly White sample (41%).  Individual differences 
within each minority category therefore had a stronger influence on the integrity of that category, 
while the individual differences in the White category were less prominent.   
For the unstandardized coefficients (B), White was used as the reference group to which 
each minority category was compared, since White was a significantly larger group.  
Standardized coefficients (β) require the use of a binary (rather than categorical) variable, so 
ethnicity was reduced to White/non-White (see Table 6).  With standardized coefficients, the 
effect of being White resulted in lowered mothers’ self-contingency for vocalization and for 
pause. 
With each of these treatments of ethnicity, there are inherent methodological and social 
problems.  With the use of unstandardized coefficients, the sample sizes between each of the four 
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categories, White, Black, Hispanic, and Other, are too different from each other to make 
meaningful interpretations.  Also, the use of the White group as a reference group is inherently 
socially and ethically problematic, though this was done because the White group was 
significantly larger than each other groups.  With the use of the standardized coefficients, this 
problem disappears, however, it is not possible to make any interpretation of the results beyond 
what the results say about being White, with no real comparison group.  Therefore, it is only 
possible to say with limited confidence that mothers’ ethnicity does have an effect on mothers’ 
self-contingency by vocalization and pause, but it is not possible to interpret further without a 
larger and more ethnically comprehensive sample.  
 Maternal depression and anxiety.  Results showed that maternal depression symptoms 
(self-report, CES-D, time 221) predicted infant interactive contingency in pause and mothers’ 
interactive contingency in switching pause.  Maternal anxiety symptoms (self-report, STAI:State, 
time 2) predicted mothers’ self-contingency in switching pause.  Specifically, higher maternal 
depression symptoms predicted higher infant interactive contingency for pause and also higher 
mother interactive contingency for switching pause.  Higher maternal anxiety symptoms 
predicted lower self-contingency for mothers in switching pause behaviors.  These results are 
counterintuitive and require some investigation to interpret.  
                                                          
21 In the parent study (Family Nurture Intervention, Welch, et al., 2012), maternal depression and anxiety were 
measured at three different time points: enrollment, near term-age/infant discharge from NICU and at the 4 month 
(CA) follow-up visit.  Although associations with the other time points were explored, the second time point was 
found to be optimally predictive.  It was thought that at the first time point, maternal depression and anxiety would 
be higher across the group, as all mothers were experiencing the shock and trauma of having a preterm birth.  The 
second time point was thought to be logically most predictive of mother-infant vocal coordination outcomes at 4-
months.  The third time point was thought of more as reflecting mothers’ recovery process from the trauma of the 
preterm birth. 
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 It has been well-documented that maternal depression and anxiety have maladaptive 
effects on infants, children and the mother-infant pair (Field, et al., 1990; Field, 2010; Beebe, et 
al., 2007, 2008; Granat, Gadassi, Gilboa-Schectman, & Feldman, 2016).  However, these studies 
primarily reflect full-term infant groups.  There is limited research specifically investigating the 
effects of maternal depression and anxiety on premature infants.  The prevalence of maternal 
depressive symptoms in the presence of prematurity varies considerably, with researchers 
reporting a range from around 13% (Korja, et al., 2008; Singer, et al., 1999) to 40% (Davis, 
Edwards, Mohay, & Wollin, 2003) of the sample experiencing significant depressive symptoms. 
Korja et al., (2008) assessed maternal depressive symptoms and their relation to the quality of 
mother-infant interactions in a group of Finnish preterm infants.  They found that mothers who 
had depressive symptoms had less positive affective involvement and communication with their 
preterm infants as compared to non-depressed mothers of preterm infants, which is consistent 
with similar assessments of the impact of maternal depression with full-term groups (Murray, 
1992; Murray, et al., 1996). 
However, investigating the circumstance of parental clinical depression and anxiety co-
occurring with the event of prematurity is extremely difficult, as the event of prematurity itself 
results in symptomatology.  As such, it may be more apt to consider the event of prematurity as 
an acute stressor, even a traumatic stressor, for the parents (Affleck, Tennen, & Rowe, 1991; 
Peebles-Kleiger, 2000; Pierrehumbert, et al., 2003; Shaw, et al., 2006).  This changes the 
meaning of the present results, suggesting an alternative interpretation of the CES-D and STAI: 
State. 
 The present results indicate that mothers who self-reported more symptoms of depression 
and anxiety at approximately the time of their infant’s discharge from the NICU actually had 
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more optimal mother-infant vocal coordination.  One possible interpretation is that while their 
depression and anxiety scores reflect something very important about how mothers’ were feeling 
at the time, they do not actually reflect the degree to which these mothers were actually clinically 
depressed or anxious.  Because the CES-D and the STAI are self-report checklists of symptoms 
only, they do not reflect a complete clinical assessment. However, importantly, what the 
checklists do reflect is the mothers’ own experience of how she was feeling at the time.   
It is possible that mothers who report more depression and anxiety symptoms are actually 
more in touch with the reality of their difficult situation and that of their infant.  These mothers 
are, in fact, facing extremely difficult circumstances.  Their premature infants were very sick at 
the time of birth and their parents were immediately faced with their infant’s mortality.  While 
premature infants are “out of the woods” in terms of medical risk at the time of discharge (when 
these scales were administered), mothers were then facing the prospect of caring for a 
challenging infant at home without the support and containment of NICU staff.  Further, they 
were also faced with the long-term consequences of their infant’s prematurity, including 
developmental delays and social dysfunction. In this interpretation, mothers who report very low 
symptoms of depression and anxiety may be reflecting a maladaptive degree of denial.  While 
denial may be adaptive in some situations, it appears that lower self-report of symptoms in this 
case results in less optimal mother-infant vocal coordination.  
Analysis of vocal state descriptive data. 
Results of descriptive analyses of vocal state durations by partner (see Table 3 and Tables 
A5-7) indicated a remarkable degree of similarity to prior infant work using a full-term, typical 
mother-infant sample (Jaffe, et al., 2001).  Since the present study is the first since 2001 to utilize 
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the same definitions of vocal states as Jaffe & Feldstein (1970)22, the N = 34 figures were 
inspected in comparison with the Jaffe and colleagues study (2001), lab condition, to assess 
whether the present sample differed substantially.  Remarkable similarity was observed by 
inspection of the vocal state durations across both samples. This suggests that the timing 
structure of the sounds and silences suggested by Jaffe & Feldstein, (1970) is sufficiently 
generalizable that it obtains similar descriptive results for both full-term and preterm groups, 
regardless of infant prematurity (Table 3).  For example, in terms of Percentage of Time Spent in 
Mother Turn, mothers spent 81.3% (SD 14.1) in the 2001 group and 81.17% (SD 12.17) of time 
in the turn in the present group; likewise, infants spent 18.5% (SD 14.1) in 2001 sample and 
18.83% (SD 12.17) of time in the turn in the present sample, indicating that these two groups 
spend approximately the same amount of time in the turn.   
At the same time, several differences were noted, most importantly in terms of switching 
pause.  Larger average durations and standard deviations were observed in the present group for 
both mother and infant switching pause as compared to the Jaffe and colleagues’ sample (2001).  
In the 2001 study, the average duration of mothers’ switching pauses was 0.85s (SD 0.47s) while 
in the present study, the average duration of mothers’ switching pause was 1.45s (SD 1.13s); the 
average durations of infants’ switching pauses are 0.74s (SD 0.50) and 1.14s (SD 0.77) in the 
Jaffe et al., (2001) study.  Longer switching pauses indicate that both mothers and infants wait 
longer to “take the floor” after their partner has stopped vocalizing.  Similarly, the average 
durations of pauses for both mother and infant are also slightly longer in the present study than in 
the prior work, while the average durations of vocalizations are almost identical in both studies.  
                                                          
22 Northrup et al. (2015) utilized a similar vocal state model, however, they did not differentiate between the 
different types of simultaneous speech and used “latency to respond” as the corollary for switching pause.  
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This supports the notion that the durations of vocalizations are more biologically constrained, 
while the rhythms of dialogue are most influenced by the lengths of pauses and switching pauses 
(Jaffe, et al., 2001).  Consequently, the present preterm group depicts a slower dialogical rhythm 
according to switching pause than that of the full-term group in the Jaffe and colleagues study.  
In addition, the preterm group has lower percent time spent in mother vocalization and 
higher percent time spent in mother pause than in Jaffe et al., (2001).  This observation suggests 
that while mothers’ average durations of vocalization are quite similar, mothers spend less time 
vocalizing and more time pausing in the present sample.  In addition, the average duration of 
Mother Pause is slightly larger in the present sample.  In terms of infant vocal behavior, in the 
preterm group, again, infants’ average durations of vocalization and pause are quite similar 
across samples, but infants spend less time vocalizing and more time pausing.  Meanwhile, 
percent time spent in the turn is virtually identical for both mothers and infants in both samples.   
When taken together, these observations suggest that across the present sample, there is a 
dyadic pattern whereby partners pause longer, and more frequently however, neither partner as a 
result “chimes in” and takes the turn more, as Percent Time Spent in the Turn was similar in both 
groups.  This pattern depicts a slower interpersonal turn rhythm (Vocalization + Pause, Jaffe, 
1978; Jaffe, et al., 2001, p. 45), which represents slower pacing of the rhythmic sequence, as 
compared to the figures in the 2001 study.  According to prior work (Feldstein, 1998), speech is 
“more flowing, activated” when there are longer durations of vocalization relative to durations of 
silence. Conversely, speech is “more hesitant, or inhibited” when the durations of sound are 
shorter relative to durations of silence (Jaffe, et al., 2001, p. 45).    
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In addition, preterm infants engage more in Non-Interruptive Simultaneous Speech (NSS) 
than in the Jaffe et al., (2001) full-term group.  This could mean either (or both) that mothers in 
this sample do not tend to yield the floor when the infant “chimes in” or that infants do not 
vocalize long or robustly enough to “take the floor” during events of NSS.  Alternatively, it may 
mean that infants are simply evidencing more joining speech behaviors, as the percent times 
spent in the turn for both mothers and infants remains relatively constant in both samples.  
Clinical Implications 
 The quality of mother-infant interaction in the preterm mother-infant dyad is an important 
subject of study as mother-infant interactions are known to facilitate developmental outcomes.  
Numerous studies have documented the unique challenges that preterm infants and their mothers 
face, particularly in terms of the infant’s social competence and the quality of mother-infant 
interactions (e.g. Greenberg, Carmichael-Olson, & Crnic, 1992; Murray, et al., 1996; Beckwith 
& Rodning, 1996; Muller-Nix, et al., 2004).  Premature infants are typically less alert and active 
and have difficulty sustaining attention.  They are less overtly responsive overall to the influence 
of caregivers and they appear more passive in the interaction (Muller-Nix, et al., 2004).   
Mothers of preterm infants, on the other hand, are variably described as emotionally distant and 
withdrawn or as active, stimulating, sometimes even intrusive.  Conclusions vary as to the most 
optimal relational approach for preterm mothers (Goldberg & DiVitto, 1995; Field, 1979; 
Bakeman & Brown, 1980).  Because these infants are more challenging to engage, mothers 
struggle to know how to best relate to their preterm infants.  
The present results suggest that the mechanisms required for vocal coordination are in 
place at 4 months (CA).  The clinical implication of this finding is powerful and hopeful, 
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suggesting that while these infants are at considerable social and developmental disadvantage, 
intact vocal rhythm capacities can be harnessed to facilitate social development.  Parents can be 
informed through clinical interventions that these capacities for vocal coordination are present as 
they are in full-term infants.  This statement may serve to relieve anxiety in the parent and 
improve the quality of parent-infant interactions with clinical guidance.   
In addition, the current study suggests that preterm infants demonstrate a slower 
dialogical rhythm as compared to full-term infants (Jaffe, et al., 2001).  That preterm infants 
have a slower vocal rhythm patterns is consistent with research that observed preterm infants as 
more passive, withdrawn and slower to engage (e.g. Goldberg, & DiVitto, 1995; Muller-Nix, et 
al., 2004).  In the current study, mothers were observed to guide the vocal pacing system in the 
dyad.  Because this study is not an intervention study and uses a standard care group, these 
mothers arrived at a slower pace on their own; however, many mothers apparently do not take 
this tack (Field, 1979; Brown & Bakeman, 1980; Minde, Perrotta, & Marton, 1985; Wijnroks, 
1999).  Field (1979) cautions that mothers of preterm infants can be overly stimulating and 
intrusive, frantic in their efforts to engage their apparently withdrawn and subdued infant.   
Clinical interventions with preterm parent-infant dyads could focus on developing and 
refining the dyadic vocal pacing system.  Informing parents that mother-infant vocal rhythms in 
the presence of prematurity are inherently slower may help provide anxious parents with the 
permission to slow down.  Parents can use clinical guidance to learn to titrate their own vocal 
rhythms to reflect more predictable vocal behaviors.  In addition, parents can slow the rhythms 
of their vocal stream to reflect longer durations of vocalization, pause and switching pause in an 
effort to provide a slower, more accessible pace, allowing the preterm infant increased access to 
his partner, thereby improving dyadic vocal coordination.  
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Limitations of the Study 
 The most obvious limitation of this study is the small sample size that impacts the 
generalizability of our sample to the broader population of mothers and preterm infants.23  The 
sample size is small due to the difficulties inherent in research with a premature mother-infant 
sample (e.g. recruitment, retention and implementation) and the intensive nature of second-by-
second coding methods.  Care should be taken to interpret the results in the context of this 
limitation such that interpretations extend to the present sample and beyond that range they are 
considered speculative.    
 In addition, the sample is limited in terms of the demographic diversity of maternal and 
household characteristics.  Mothers were predominantly White (41%) with a relatively high level 
of education (73% graduated college, or higher).  68% had a household income of 70k or higher. 
A larger sample size that included a more heterogeneous sample would generate more 
generalizable.  For example, in the United States, Black mothers give birth to premature infants 
at higher rates than White mothers (Hamilton, et al., 2007) and face an increased risk of repeated 
preterm birth over White mothers (Kistka, et al., 2007).  This suggests that Black mothers should 
be proportionately if not over-represented in a sample of preterm mother-infant dyads.   
 Another limitation, one that is endemic to the field of mother-infant research, is the 
failure to include non-heteronormative families in the sample.  Most research on dyadic 
synchrony and coordination is done with mothers as the caregiver.  Some exceptions include 
Feldman and colleagues (Feldman, 2007; Feldman & Eidelman, 2007) and MacDougall et al., 
                                                          
23 On the other hand, this N is not small for multi-level modeling techniques.  Coding took place at the ¼ second 
(2400 codes per 10 minute interaction) and the unit of analysis in the time-series was 5 seconds (120 bins per 10 
minute interaction).  The power of the analysis is therefore quite strong.     
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(2012) who also include fathers in their research.  However, little to no research on parent-infant 
synchrony or coordination specifically works with gay, lesbian or transgendered parents.  The 
present study is no exception.  Many non-heteronormative families have biological children or 
adopt children in infancy.  All measures in the present study could be conducted with non-
heteronormative families with virtually no changes to the study design, except to include vocal 
coordination measures for both parents (if there are two).  Future research in the area of 
prematurity as it pertains to vocal rhythms should include a broader, more inclusive sample that 
reflects the wider range of present-day family structures. 
Future Directions 
 The present study has many interesting implications for future work.  Foremost, it would 
greatly benefit the fields of prematurity and of parent-infant research to investigate the effects of 
prematurity on vocal rhythm coordination relative to full-term infants.  Comparing the vocal 
rhythms of premature infant dyads to those of full-term infant dyads would allow researchers to 
identify important similarities and differences between the groups, furthering our understanding 
of what mechanisms are intact and what mechanisms are developing in an atypical manner in 
preterm infant dyads.  It would be particularly interesting to study both preterm and full-term 
groups in a study with a similar design to this one, as both maternal and infant influences could 
be explored as potential moderators for between-group differences.  
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Conclusion 
 The present study suggests a hopeful picture for parents of preterm infants.  The basic 
physiological and social mechanisms required for mother-infant vocal coordination at 4 months 
(CA) appear to be intact and functioning in the present group of premature infant dyads.  Preterm 
infants and their mothers both showed significant interactive contingencies indicating that the 
basic temporal and organizational mechanisms required for vocal coordination are in place.  In 
addition, both preterm infants and their mothers demonstrate significant and robust self-
contingencies, indicating that both preterm infants and their mothers were firmly self-rooted in 
their own vocal rhythms.  Therefore, as vocal coordination represents a basic element of the 
dyadic system, preterm infants and their mothers have the necessary foundation in place upon 
which an adaptive, co-regulatory parent-infant relationship can be constructed.   
 Vocal rhythm coordination is affected by various biobehavioral and social influences of 
both mother and infant.  Mothers influenced vocal rhythm coordination through characteristics of 
age, education and ethnicity and through the concurrent sensitivity and quality of their 
caregiving.  Mothers also influenced vocal rhythm coordination through their felt experiences of 
depression and anxiety at infant hospital discharge, reflecting the very real trauma of their 
infant’s prematurity.  Infants influenced vocal rhythm coordination through biological 
ramifications of sex and through biobehavioral influences of neonatal regulatory capacity and 
concurrent vagal tone, a capacity to regulate stress that facilitates engagement.   
In a multifaceted, yet highly organized system, the structure of vocal rhythm coordination 
emerges.  The fibrous web of entanglements, dependencies and connections that bind together 
mothers and infants are myriad and complex.  For preterm infants and their mothers, these 
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complexities are multiplied.  Each mother-infant pair makes use of these innumerable biological 
and social fibers to facilitate the infant’s primary project of development.  Vocal rhythm 
coordination, as a lifelong measure of social connectedness, contributes much to the 
understanding of the powerful, intimate, co-regulatory nature of the preterm mother-infant 
relationship.   
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Appendix A: Tables 
Table A1: Descriptive Statistics for Vocal State Measures of Entire Group 
  
Percentage of Time 
 
Durationb 
 
Rate (freq /minute) 
 
Mothersa Infantsa 
 
Mothers Infants 
 
Mothers Infants 
Vocal 
States 
 
Mean (SD) Mean (SD) 
 
Mean (SD) Mean (SD) 
 
Mean (SD) Mean (SD) 
Turn 
 
82.61 (12.64) 17.39 (12.64) 
 
24.23 (49.37) 2.46 (2.54) 
 
4.70 (2.88) 4.65 (2.92) 
Voc 
 
48.34 (14.51) 10.77 (8.08) 
 
1.43 (0.38) 0.92 (0.43) 
 
20.41 (4.75) 6.63 (4.07) 
Pause 
 
29.35 (10.74) 3.24 (6.11) 
 
1.20 (0.53) 0.79 (0.58) 
 
15.71 (5.41) 1.98 (2.15) 
SP 
 
4.92 (3.79) 3.38 (2.35) 
 
1.38 (1.11) 1.09 (0.77) 
 
2.23 (1.28) 1.94 (1.14) 
NSS 
 
1.29 (1.42) 3.13 (2.69) 
 
0.69 (0.46) 0.62 (0.21) 
 
0.84 (0.95) 2.96 (2.36) 
ISS 
 
1.55 (1.37) 1.48 (1.59) 
 
0.55 (0.21) 0.48 (0.21) 
 
1.53 (1.23) 1.52 (1.42) 
Notes: N = 37; Voc = Vocalization; SP = Switching Pause; NSS = Non-Interruptive Simultaneous Speech; ISS = Interruptive Simultaneous Speech. “Rate 
(freq/minute)” refers to the rate at which each vocal state occurs per minute which accounts for the variations in session length.  
a n = 37 for all columns. 
b Mean durations reported in seconds. 
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Table A2: Descriptive Statistics for Vocal States by Categorical Birthweight for Entire Group 
 
 
Vocal 
Measures 
Low Birthweighta 
(n=19) 
 Very Low Birthweightb 
(n=12) 
 Extremely Low Birthweightc 
(n=6) 
Mothers Infants  Mothers Infants  Mothers Infants 
Mean (SD) Mean (SD)  Mean (SD) Mean (SD)  Mean (SD) Mean (SD) 
Percent Time Spent in Vocal States 
Turn 84.27 (9.58) 15.72 (9.58)  78.63 (17.44) 21.37 (17.44)  85.29 (9.73) 14.71 (9.73) 
Voc 52.11 (9.04) 10.91 (7.85)  40.51 (18.16) 11.58 (9.58)  52.04 (16.72) 8.72 (6.30) 
Pause 28.19 (11.52) 1.66 (1.68)  31.68 (10.42) 6.18 (10.11)  28.36 (9.69) 2.35 (1.66) 
SP 3.97 (2.57) 3.16 (2.13)  6.45 (5.04) 3.61 (2.60)  4.89 (3.82) 3.64 (2.86) 
NSS 1.07 (1.25) 3.41 (3.10)  1.69 (1.65) 2.46 (1.91)  1.18 (1.50) 3.56 (2.65) 
ISS 1.87 (1.54) 1.86 (1.97)  1.17 (1.06) 1.06 (0.92)  1.29 (1.29) 1.10 (1.12) 
Mean Duration of Vocal States in Seconds 
Turn 19.07 (21.47) 1.90 (0.82)  37.00 (82.90) 3.71 (4.16)  15.00 (13.35) 1.73 (0.70) 
Voc 1.54 (0.34) 0.98 (0.42)  1.25 (0.33) 0.95 (0.52)  1.45 (0.53) 0.67 (0.16) 
Pause 1.08 (0.39) 0.81 (0.64)  1.42 (0.67) 0.78 (0.59)  1.13 (0.55) 0.74 (0.44) 
SP 1.19 (0.65) 1.06 (0.77)  1.92 (1.66) 1.23 (0.90)  0.91 (0.49) 0.89 (0.50) 
NSS 0.62 (0.48) 0.64 (0.26)  0.78 (0.50) 0.63 (0.17)  0.74 (0.35) 0.53 (0.75) 
ISS 0.54 (0.19) 0.45 (0.24)  0.56 (0.27) 0.52 (0.20)  0.57 (0.12) 0.52 (0.17) 
Rate (frequency per minute) of Vocal States 
Turn 5.10 (3.26) 5.05 (3.31)  3.71 (1.91) 3.66 (1.96)  5.40 (3.14) 5.38 (3.13) 
Voc 20.79 (3.59) 3.34 (4.21)  19.07 (6.18) 6.66 (3.97)  21.90 (4.93) 7.45 (4.45) 
Pause 15.69 (4.67) 1.30 (1.15)  15.36 (6.75) 3.01 (3.17)  16.51 (5.55) 2.07 (1.39) 
SP 2.13 (0.99) 1.93 (1.08)  1.91 (1.02) 1.67 (0.79)  3.20 (2.16) 2.54 (1.80) 
NSS 0.66 (0.67) 3.17 (2.68)  1.20 (1.34) 2.18 (1.56)  0.70 (0.71) 3.87 (2.48) 
ISS 1.87 (1.40) 1.89 (1.78)  1.14 (0.93) 1.10 (0.76)  1.24 (0.97) 1.15 (0.82) 
Notes: N = 37; Voc = Vocalization; SP = Switching Pause; NSS = Non-Interruptive Simultaneous Speech; ISS = Interruptive Simultaneous Speech. “Rate 
(freq/minute)” refers to the rate at which each vocal state occurs per minute which accounts for the variations in session length. 
a Low Birthweight = 2500g to 1501g; b Very Low Birthweight = 1500g to 1001g; c Extremely Low Birthweight = <1000g.  
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Table A3: Descriptive Statistics for Vocal States by Gestational Age Categories for Entire Group  
 
 
Vocal 
Measures 
Moderate to Late Preterma 
(n=17) 
 Very Pretermb 
(n=14) 
 Extremely Pretermc 
(n=6) 
Mothers Infants  Mothers Infants  Mothers Infants 
Mean (SD) Mean (SD)  Mean (SD) Mean (SD)  Mean (SD) Mean (SD) 
Percent Time Spent in Vocal States 
Turn 83.63 (9.24) 16.37 (9.24)  80.22 (17.04) 19.78 (17.04)  85.29 (9.73) 14.71 (9.73) 
Voc 52.18 (9.40) 11.26 (7.66)  42.09 (17.30) 11.06 (9.53)  52.04 (16.72) 8.72 (6.30) 
Pause 27.63 (11.14) 1.73 (1.71)  31.85 (10.93) 5.46 (9.49)  28.36 (9.69) 2.35 (1.66) 
SP 3.82 (2.74) 3.38 (2.13)  6.28 (4.61) 3.26 (2.56)  4.89 (3.82) 3.64 (2.86) 
NSS 1.11 (1.24) 3.51 (2.85)  1.54 (1.65) 2.50 (2.52)  1.18 (1.50) 3.56 (2.65) 
ISS 1.84 (1.47) 1.90 (1.99)  1.31 (1.29) 1.13 (1.10)  1.29 (1.29) 1.10 (1.12) 
Duration of Vocal States in Seconds 
Turn 17.89 (20.81) 2.01 (0.82)  35.88 (76.88) 3.32 (3.95)  15.00 (13.35) 1.73 (0.70) 
Voc 1.53 (0.36) 1.01 (0.43)  1.30 (0.33) 0.92 (0.48)  1.45 (0.53) 0.67 (0.16) 
Pause 1.05 (0.39) 0.81 (0.65)  1.41 (0.63) 0.79 (0.58)  1.13 (0.55) 0.74 (0.44) 
SP 1.10 (0.58) 1.12 (0.79)  1.93 (1.55) 1.13 (0.87)  0.91 (0.49) 0.89 (0.50) 
NSS 0.70 (0.47) 0.69 (0.26)  0.65 (0.52) 0.57 (0.15)  0.74 (0.35) 0.53 (0.08) 
ISS 0.54 (0.20) 0.47 (0.22)  0.56 (0.25) 0.48 (0.23)  0.57 (0.12) 0.52 (0.17) 
Rate (frequency per minute) of Vocal States 
Turn 5.08 (3.08) 5.01 (3.13)  3.94 (2.54) 3.90 (2.59)  5.40 (3.14) 5.38 (3.13) 
Voc 20.98 (3.74) 6.40 (4.02)  19.09 (5.70) 6.55 (4.24)  21.90 (4.93) 7.45 (4.45) 
Pause 15.90 (4.71) 1.39 (1.16)  15.14 (6.41) 2.65 (3.07)  16.51 (5.55) 2.07 (1.39) 
SP 2.08 (1.00) 1.92 (0.97)  2.01 (1.01) 1.72 (1.00)  3.20 (2.59) 2.54 (1.80) 
NSS 0.69 (0.65) 3.12 (2.41)  1.09 (1.30) 2.38 (2.26)  0.70 (0.71) 3.87 (2.48) 
ISS 1.84 (1.31) 1.93 (1.78)  1.28 (1.20) 1.17 (0.99)  1.24 (0.97) 1.15 (0.82) 
Notes: N = 37; Voc = Vocalization; SP = Switching Pause; NSS = Non-Interruptive Simultaneous Speech; ISS = Interruptive Simultaneous Speech. “Rate 
(freq/minute)” refers to the rate at which each vocal state occurs per minute which accounts for the variations in session length. 
a Moderate to Late Preterm = 32 to 37 weeks GA; b Very Preterm = 28 to <32 weeks GA; c Extremely Preterm = <28 weeks GA.  
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Table A4: Frequencies and Percentages of Entire Group by Descriptive Category: Birthweight 
and Gestational Age,  
  
 
 
Gestational Age Categories (3) 
Extremely 
Preterm 
Very Preterm 
Moderate to 
Late Preterm 
Total 
Birthweight 
Categories (3) 
ELBW 
6 
16.22% 
0 
0% 
0 
0% 
6 
16.22% 
VLBW 
0 
0% 
10 
27.03% 
2 
5.41% 
12 
32.43% 
LBW 
0 
0% 
4 
10.81% 
15 
50.54% 
19 
51.35% 
Total 
6 
16.22% 
14 
37.84% 
17 
45.95% 
37 
100% 
Notes: N = 37; ELBW = Extremely Low Birthweight = <1000g; VLBW = Very Low Birthweight = 1500g to 1001g; LBW = Low Birthweight = 
2500g to 1501g.  Extremely Preterm = <28 weeks GA; Very Preterm = 28 to <32 weeks GA; Moderate to Late Preterm = 32 to 37 weeks GA. 
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Table A5. Descriptive Statistics for Vocal States by Birthweight Category for Final Sample 
 
 
Vocal 
Measures 
Low Birthweighta 
(n=17) 
 Very Low Birthweightb 
(n=11) 
 Extremely Low Birthweightc 
(n=6) 
Mothers Infants  Mothers Infants  Mothers Infants 
Mean (SD) Mean (SD)  Mean (SD) Mean (SD)  Mean (SD) Mean (SD) 
Percent Time Spent in Vocal States 
Turn 82.62 (8.69) 17.38 (8.69)  76.70 (16.89) 23.30 (16.89)  85.29 (9.73) 14.71 (9.73) 
Voc 51.80 (9.45) 12.16 (7.39)  38.11 (16.93) 12.62 (9.30)  52.04 (16.72) 8.72 (6.30) 
Pause 26.49 (10.94) 1.79 (1.73)  31.56 (10.92) 6.74 (10.40)  28.36 (9.69) 2.35 (1.66) 
SP 4.32 (2.50) 3.47 (2.02)  7.03 (4.84) 3.93 (2.46)  4.89 (3.82) 3.64 (2.86) 
NSS 1.19 (1.27) 3.79 (3.07)  1.84 (1.64) 2.68 (1.85)  1.18 (1.50) 3.56 (2.65) 
ISS 2.08 (1.49) 2.08 (1.97)  1.28 (1.04) 1.16 (0.90)  1.29 (1.29) 1.10 (1.12) 
Mean Duration of Vocal States in Seconds 
Turn 13.01 (11.49) 1.98 (0.82)  13.13 (5.96) 3.98 (4.25)  15.00 (13.35) 1.73 (0.70) 
Voc 1.55 (0.36) 1.05 (0.39)  1.23 (0.34) 1.00 (0.52)  1.45 (0.53) 0.67 (0.16) 
Pause 1.07 (0.41) 0.82 (0.62)  1.49 (0.67) 0.85 (0.56)  1.13 (0.55) 0.74 (0.44) 
SP 1.22 (0.68) 1.12 (0.78)  2.10 (1.62) 1.32 (0.89)  0.91 (0.49) 0.89 (0.50) 
NSS 0.69 (0.45) 0.68 (0.24)  0.85 (0.45) 0.64 (0.17)  0.74 (0.35) 0.53 (0.08) 
ISS 0.58 (0.14) 0.50 (0.19)  0.61 (0.21) 0.54 (0.19)  0.57 (0.12) 0.52 (0.17) 
Rate (frequency per minute) of Vocal States 
Turn 5.60 (3.07) 5.56 (3.11)  4.03 (1.63) 3.98 (1.69)  5.40 (3.14) 5.38 (3.13) 
Voc 20.54 (3.71) 6.98 (3.98)  18.31 (5.86) 7.26 (3.56)  21.90 (4.93) 7.45 (4.45) 
Pause 14.94 (4.33) 1.42 (1.15)  14.28 (5.88) 3.28 (3.17)  16.51 (5.55) 2.07 (1.39) 
SP 2.31 (0.89) 2.09 (1.02)  2.09 (0.86) 1.81 (0.65)  3.20 (2.16) 2.54 (1.80) 
NSS 0.73 (0.67) 3.48 (2.67)  1.32 (1.35) 2.37 (1.49)  0.70 (0.71) 3.87 (2.48) 
ISS 2.08 (1.34) 2.12 (1.75)  1.24 (0.90) 1.19 (0.73)  1.24 (0.97) 1.15 (0.82) 
Note: N = 34; Voc = Vocalization; SP = Switching Pause; NSS = Non-Interruptive Simultaneous Speech; ISS = Interruptive Simultaneous Speech. “Rate 
(freq/minute)” refers to the rate at which each vocal state occurs per minute which accounts for the variations in session length. 
a Low Birthweight = <2500g; b Very Low Birthweight = <1500g; c Extremely Low Birthweight = <1000g.  
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Table A6. Descriptive Statistics for Vocal States by Gestational Age for Final Sample 
 
 
 
Vocal 
Measures 
Moderate to Late Preterma 
(n=15) 
 Very Pretermb 
(n=13) 
 Extremely Pretermc 
(n=6) 
Mothers Infants  Mothers Infants  Mothers Infants 
Mean (SD) Mean (SD)  Mean (SD) Mean (SD)  Mean (SD) Mean (SD) 
Percent Time Spent in Vocal States 
Turn 81.66 (7.90) 18.34 (7.90)  78.71 (16.73) 21.29 (16.73)  85.29 (9.73) 14.71 (9.73) 
Voc 51.84 (9.90) 12.68 (6.99)  40.18 (16.40) 11.90 (9.36)  52.04 (16.72) 8.72 (6.30) 
Pause 25.64 (10.24) 1.89 (1.76)  31.77 (11.37) 5.87 (9.75)  28.36 (9.69) 2.35 (1.66) 
SP 4.19 (2.71) 3.78 (1.94)  6.77 (4.42) 3.51 (2.48)  4.89 (3.82) 3.64 (2.86) 
NSS 1.26 (1.24) 3.94 (2.75)  1.66 (1.65) 2.68 (2.52)  1.18 (1.50) 3.56 (2.65) 
ISS 2.07 (1.41) 2.15 (1.99)  1.41 (1.28) 1.21 (1.10)  1.29 (1.29) 1.10 (1.12) 
Duration of Vocal States in Seconds 
Turn 10.86 (5.19) 2.11 (0.80)   15.59 (12.69) 3.52 (4.03)  15.00 (13.35) 1.73 (0.70) 
Voc 1.54 (0.38) 1.09 (0.39)  1.29 (0.34) 0.95 (0.49)  1.45 (0.53) 0.67 (0.16) 
Pause 1.03 (0.41) 0.81 (0.63)  1.46 (0.63) 0.85 (0.56)  1.13 (0.55) 0.74 (0.44) 
SP 1.12 (0.62) 1.20 (0.80)  2.07 (1.51) 1.20 (0.87)  0.91 (0.49) 0.89 (0.50) 
NSS 0.80 (0.42) 0.74 (0.23)  0.70 (0.50) 0.57 (0.16)  0.74 (0.35) 0.53 (0.08) 
ISS 0.58 (0.14) 0.54 (0.14)  0.60 (0.20) 0.50 (0.23)  0.57 (0.12) 0.52 (0.17) 
Rate (frequency per minute) of Vocal States 
Turn 5.64 (2.82) 5.58 (2.86)  4.23 (2.40) 4.19 (2.45)  5.40 (3.14) 5.38 (3.13) 
Voc 20.72 (3.92) 7.13 (3.69)  18.44 (5.37) 7.04 (3.97)  21.91 (4.93) 7.45 (4.45) 
Pause 15.08 (4.37) 1.54 (1.15)  14.21 (5.60) 2.85 (3.09)  16.51 (5.55) 2.07 (1.39) 
SP 2.27 (0.89) 2.10 (0.87)  2.16 (0.87) 1.84 (0.92)  3.20 (2.16) 2.54 (1.80) 
NSS 0.78 (0.64) 3.47 (2.35)  1.18 (1.31) 2.55 (2.25)  0.70 (0.71) 3.87 (2.48) 
ISS 2.07 (1.23) 2.19 (1.74)  1.38 (1.19) 1.25 (0.98)  1.24 (0.97) 1.15 (0.82) 
Note: N = 34; Voc = Vocalization; SP = Switching Pause; NSS = Non-Interruptive Simultaneous Speech; ISS = Interruptive Simultaneous Speech. “Rate 
(freq/minute)” refers to the rate at which each vocal state occurs per minute which accounts for the variations in session length. 
a Moderate to Late Preterm = 32 to 37 weeks GA; b Very Preterm = 28 to <32 weeks GA; c Extremely Preterm = <28 weeks GA.  
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Table A7. Frequencies and Percentages of Final Sample by Descriptive Category: Birthweight 
and Gestational Age 
  
Gestational Age Categories (3) 
Extremely 
Preterm 
Very Preterm 
Moderate to 
Late Preterm 
Total 
Birthweight 
Categories (3) 
ELBW 
6 
17.65% 
0 
0% 
0 
0% 
6 
17.65% 
VLBW 
0 
0% 
9 
26.47% 
2 
5.88% 
11 
32.35% 
LBW 
0 
0% 
4 
11.76% 
13 
38.24% 
17 
50.00% 
Total 
6 
17.65% 
13 
38.24% 
15 
44.12% 
34 
100.00% 
Notes: N = 34; ELBW = Extremely Low Birthweight = <1000g; VLBW = Very Low Birthweight = 1500g to 1001g; LBW = Low 
Birthweight = 2500g to 1501g.  Extremely Preterm = <28 weeks GA; Very Preterm = 28 to <32 weeks GA; Moderate to Late Preterm = 32 to 
37 weeks GA. 
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Table A8: Across-Group Estimates of Self- and Interactive Contingency by Vocal States Using a 
Single Lag, N = 34 
Pairwise B SE B df t p value 
Type of 
Coordination 
Vocalization  
     
 M→M 0.2820 0.0164 3511 17.25 <.0001** Self-Contingency 
 I→M 0.0117 0.0219 3511 0.53 0.5952 -- 
 I→I 0.5490 0.0144 3511 38.14 <.0001** Self-Contingency 
 M→I 0.0115 0.0109 3511 1.06 0.2908 -- 
Pause  
      
 
M→M 0.4698 0.0150 3511 31.39 <.0001** Self-Contingency 
 
I→M -0.1424 0.0306 3511 -4.65 <.0001** 
Interactive 
Contingency 
 
I→I 0.6040 0.0135 3511 44.62 <.0001** Self-Contingency 
 
M→I -0.0175 0.0066 3511 -2.64 0.0084** 
Interactive 
Contingency 
Switching Pause  
     
 M→M 0.4595 0.0149 3511 30.90 <.0001** Self-Contingency 
 I→M 0.0290 0.0193 3511 1.50 0.1329 -- 
 I→I 0.1912 0.0163 3511 11.72 <.0001** Self-Contingency 
 M→I 0.1021 0.0128 3511 7.95 <.0001** 
Interactive 
Contingency 
Notes: “B” represents the unstandardized regression coefficient.  SE B = standard error of B.  df = degrees of freedom.  t = the magnitude of the 
B estimate. p value = the significance of t and B.  Estimates are across the group.  Each pair of estimates (e.g. M→M, I→M) come from the 
same equation and must be interpreted together: for example, under vocalization coordination, M→M represents mothers’ self-contingency and 
I→M represents mothers’ interactive contingency for all dyads across the group using a single lag.   
Significance Level: * = p < .05; ** = p < .01.   
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Table A9.  Inspection of 12 Lags for Infant Vocalization Contingency 
Vocalization (Infant→Infant, Mother→Infant Equation) 
Pair Lag B SE B df t p value Type of Contingency 
I→I Lag 1 (t-5) 0.2258 0.0182 3114 12.39 <.0001** Self-Contingency 
I→I Lag 2 (t-10) 0.0961 0.0191 3114 5.04 <.0001** Self-Contingency 
I→I Lag 3 (t-15) 0.1080 0.0192 3114 5.63 <.0001** Self-Contingency 
I→I Lag 4 (t-20) 0.0497 0.0193 3114 2.57 .0102* Self-Contingency 
I→I Lag 5 (t-25) 0.0488 0.0194 3114 2.52 .0118* Self-Contingency 
I→I Lag 6 (t-30) 0.0381 0.0194 3114 1.96 .0501† Self-Contingency 
I→I Lag 7 (t-35) 0.0001 0.0194 3114 0.00 .9965 -- 
I→I Lag 8 (t-40) 0.0299 0.0193 3114 1.55 .1209 -- 
I→I Lag 9 (t-45) 0.0200 0.0193 3114 1.03 .3011 -- 
I→I Lag 10 (t-50) 0.0365 0.0193 3114 1.89 .0584† Self-Contingency 
I→I Lag 11 (t-55) -0.0110 0.0193 3114 -0.57 .5667 -- 
I→I Lag 12 (t-60) 0.0047 0.0190 3114 0.25 .8050 -- 
        
M→I Lag 1 (t-5) -0.0099 0.0122 3114 -0.81 .4168 - 
M→I Lag 2 (t-10) 0.0330 0.0124 3114 2.65 .0081** Interactive Contingency 
M→I Lag 3 (t-15) 0.0192 0.0125 3114 1.54 .1242 -- 
M→I Lag 4 (t-20) -0.0312 0.0125 3114 -2.50 .0124* Interactive Contingency 
M→I Lag 5 (t-25) 0.0164 0.0125 3114 1.31 .1919 -- 
M→I Lag 6 (t-30) 0.0064 0.0126 3114 0.51 .6114 -- 
M→I Lag 7 (t-35) 0.0186 0.0126 3114 1.48 .1391 -- 
M→I Lag 8 (t-40) -0.0032 0.0126 3114 -0.25 .8017 -- 
M→I Lag 9 (t-45) -0.0005 0.0127 3114 -0.04 .9682 -- 
M→I Lag 10 (t-50) -0.0035 0.0127 3114 -0.28 .7820 -- 
M→I Lag 11 (t-55) 0.0081 0.0127 3114 0.64 .5217 -- 
M→I Lag 12 (t-60) -0.0221 0.0125 3114 -1.77 .0765† Interactive Contingency 
Notes: “B” represents the unstandardized regression coefficient.  SE B = standard error of B.  df = degrees of freedom. t = the magnitude of the 
B estimate. p value = the significance of t and B.  Estimates are across the group.  I→I = infants’ self-contingency; M→I = infants’ interactive 
contingency.  
Significance Level: * = p < 0.05; ** = p < 0.01; Moderate Trend Level † = p < 0.1. 
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Table A10.  Inspection of 12 Lags for Mother Vocalization Contingency 
Vocalization (Mother→Mother, Infant→Mother Equation) 
Pair Lag B SE B df t p value Type of Contingency 
M→M Lag 1 (t-5) 0.1638 0.0181 3114 9.06 <.0001** Self-Contingency 
M→M Lag 2 (t-10) 0.0282 0.0183 3114 1.54 .1232 -- 
M→M Lag 3 (t-15) -0.0002 0.0183 3114 -0.01 .9921 -- 
M→M Lag 4 (t-20) 0.0141 0.0183 3114 0.77 .4436 -- 
M→M Lag 5 (t-25) -0.0069 0.0184 3114 -0.38 .7064 -- 
M→M Lag 6 (t-30) 0.0204 0.0185 3114 1.10 .2696 -- 
M→M Lag 7 (t-35) -0.0289 0.0185 3114 -1.56 .1190 -- 
M→M Lag 8 (t-40) -0.0030 0.0185 3114 -0.16 .8702 -- 
M→M Lag 9 (t-45) 0.0178 0.0186 3114 0.96 .3381 -- 
M→M Lag 10 (t-50) 0.0153 0.0186 3114 0.82 .4102 -- 
M→M Lag 11 (t-55) 0.0008 0.0186 3114 0.04 .9654 -- 
M→M Lag 12 (t-60) 0.0353 0.0184 3114 1.92 .0555† Self-Contingency 
        
I→M Lag 1 (t-5) 0.0161 0.0266 3114 0.60 .5459 -- 
I→M Lag 2 (t-10) -0.0267 0.0278 3114 -0.96 .3367 -- 
I→M Lag 3 (t-15) -0.0081 0.0279 3114 -0.29 .7732 -- 
I→M Lag 4 (t-20) 0.0198 0.0281 3114 0.70 .4824 -- 
I→M Lag 5 (t-25) -0.0140 0.0282 3114 -0.50 .6192 -- 
I→M Lag 6 (t-30) 0.0209 0.0283 3114 0.74 .4594 -- 
I→M Lag 7 (t-35) -0.0049 0.0282 3114 -0.17 .8631 -- 
I→M Lag 8 (t-40) -0.0072 0.0281 3114 -0.26 .7973 -- 
I→M Lag 9 (t-45) 0.0472 0.0282 3114 1.67 .0944† Interactive Contingency 
I→M Lag 10 (t-50) -0.0168 0.0282 3114 -0.60 .5516 -- 
I→M Lag 11 (t-55) 0.0183 0.0281 3114 0.65 .5160 -- 
I→M Lag 12 (t-60) -0.0163 0.0278 3114 -0.59 .5574 -- 
Notes: “B” represents the unstandardized regression coefficient.  SE B = standard error of B.  df = degrees of freedom.   t = the magnitude of the 
B estimate. p value = the significance of t and B.  Estimates are across the group.  M→M = mothers’ self-contingency; I→M = mothers’ 
interactive contingency.  
Significance Level: * = p < 0.05; ** = p < 0.01; Moderate Trend Level † = p < 0.1. 
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Table A11.  Inspection of 12 Lags for Infant Pause Contingency 
Pause (Infant→Infant, Mother→Infant Equation) 
Pair Lag B SE B df t p value Type of Contingency 
I→I Lag 1 (t-5) 0.4410 0.0180 3114 24.54 <.0001** Self-Contingency 
I→I Lag 2 (t-10) 0.1133 0.0195 3114 5.82 <.0001** Self-Contingency 
I→I Lag 3 (t-15) -0.0059 0.0197 3114 -0.30 .7632 -- 
I→I Lag 4 (t-20) 0.0195 0.0200 3114 0.97 .3296 -- 
I→I Lag 5 (t-25) 0.0023 0.0203 3114 0.11 .9104 -- 
I→I Lag 6 (t-30) 0.0123 0.0204 3114 0.60 .5479 -- 
I→I Lag 7 (t-35) 0.0313 0.0206 3114 1.52 .1283 -- 
I→I Lag 8 (t-40) -0.0564 0.0206 3114 -2.74 .0062** Self-Contingency 
I→I Lag 9 (t-45) 0.0515 0.0206 3114 2.50 .0126* Self-Contingency 
I→I Lag 10 (t-50) 0.0113 0.0207 3114 0.55 .5741 -- 
I→I Lag 11 (t-55) 0.0476 0.0209 3114 2.27 .0231* Self-Contingency 
I→I Lag 12 (t-60) 0.0362 0.0191 3114 1.90 .0576† Self-Contingency 
        
M→I Lag 1 (t-5) -0.0124 0.0084 3114 -1.48 .1394 -- 
M→I Lag 2 (t-10) 0.0048 0.0089 3114 0.54 .5892 -- 
M→I Lag 3 (t-15) -0.0034 0.0088 3114 -0.38 .7018 -- 
M→I Lag 4 (t-20) 0.0079 0.0088 3114 0.90 .3702 -- 
M→I Lag 5 (t-25) -0.0012 0.0088 3114 -0.13 .8930 -- 
M→I Lag 6 (t-30) -0.0098 0.0087 3114 -1.12 .2609 -- 
M→I Lag 7 (t-35) 0.0036 0.0088 3114 0.41 .6816 -- 
M→I Lag 8 (t-40) -0.0040 0.0088 3114 -0.45 .6508 -- 
M→I Lag 9 (t-45) 0.0173 0.0088 3114 1.96 .0498* Interactive Contingency 
M→I Lag 10 (t-50) -0.0252 0.0088 3114 -2.87 .0041** Interactive Contingency 
M→I Lag 11 (t-55) 0.0136 0.0088 3114 1.55 .1206 -- 
M→I Lag 12 (t-60) -0.0061 0.0083 3114 -0.73 .4633 -- 
Notes: “B” represents the unstandardized regression coefficient.  SE B = standard error of B.  df = degrees of freedom. t = the magnitude of the 
B estimate. p value = the significance of t and B.  Estimates are across the group.  I→I = infants’ self-contingency; M→I = infants’ interactive 
contingency.  
Significance Level: * = p < 0.05; ** = p < 0.01; Moderate Trend Level † = p < 0.1. 
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Table A12.  Inspection of 12 Lags for Mother Pause Contingency 
Pause (Mother→Mother, Infant→Mother Equation) 
Pair Lag B SE B df t p value Type of Contingency 
M→M Lag 1 (t-5) 0.3384 0.0178 3114 19.00 <.0001** Self-Contingency 
M→M Lag 2 (t-10) 0.0281 0.0188 3114 1.49 .1354 -- 
M→M Lag 3 (t-15) 0.0428 0.0187 3114 2.29 .0223* Self-Contingency 
M→M Lag 4 (t-20) 0.0216 0.0187 3114 1.16 .2465 -- 
M→M Lag 5 (t-25) 0.0253 0.0186 3114 1.36 .1747 -- 
M→M Lag 6 (t-30) 0.0262 0.0185 3114 1.42 .1567 -- 
M→M Lag 7 (t-35) -0.0276 0.0186 3114 -1.48 .1386 -- 
M→M Lag 8 (t-40) 0.0142 0.0186 3114 0.76 .4446 -- 
M→M Lag 9 (t-45) 0.0175 0.0187 3114 0.94 .3478 -- 
M→M Lag 10 (t-50) 0.0324 0.0186 3114 1.74 .0826† Self-Contingency 
M→M Lag 11 (t-55) 0.0044 0.0186 3114 0.24 .8124 -- 
M→M Lag 12 (t-60) 0.03307 0.0177 3114 1.87 .0616† Self-Contingency 
        
I→M Lag 1 (t-5) -0.1116 0.0382 3114 -2.92 .0035** Interactive Contingency 
I→M Lag 2 (t-10) -0.0438 0.0413 3114 -1.06 .2884 -- 
I→M Lag 3 (t-15) -0.0090 0.0416 3114 -0.22 .8282 -- 
I→M Lag 4 (t-20) 0.0749 0.0423 3114 1.77 .0772† Interactive Contingency 
I→M Lag 5 (t-25) -0.0640 0.0431 3114 -1.49 .1373 -- 
I→M Lag 6 (t-30) 0.0139 0.0433 3114 0.32 .7491 -- 
I→M Lag 7 (t-35) 0.0227 0.0435 3114 0.52 .6021 -- 
I→M Lag 8 (t-40) 0.0548 0.0436 3114 1.26 .2089 -- 
I→M Lag 9 (t-45) -00378 0.0437 3114 -0.87 .3867 -- 
I→M Lag 10 (t-50) -0.0520 0.0438 3114 -1.19 .2350 -- 
I→M Lag 11 (t-55) -0.0359 0.0443 3114 -0.81 .4176 -- 
I→M Lag 12 (t-60) 0.0259 0.0405 3114 0.64 .5219 -- 
Notes: “B” represents the unstandardized regression coefficient.  SE B = standard error of B.  df = degrees of freedom.  t = the magnitude of the 
B estimate. p value = the significance of t and B.  Estimates are across the group.  M→M = mothers’ self-contingency; I→M = mothers’ 
interactive contingency.  
Significance Level: * = p < 0.05; ** = p < 0.01; Moderate Trend Level † = p < 0.1. 
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Table A13.  Inspection of 12 Lags for Infant Switching Pause Contingency 
Switching Pause (Infant→Infant, Mother→Infant Equation) 
Pair Lag B SE B df t p value Type of Contingency 
I→I Lag 1 (t-5) 0.2877 0.0178 3114 16.18 <.0001** Self-Contingency 
I→I Lag 2 (t-10) -0.0132 0.0185 3114 -0.71 .4765 -- 
I→I Lag 3 (t-15) -0.0139 0.0185 3114 -0.75 .4520 -- 
I→I Lag 4 (t-20) 0.0267 0.0186 3114 1.43 .1516 -- 
I→I Lag 5 (t-25) 0.0007 0.0187 3114 0.04 .9703 -- 
I→I Lag 6 (t-30) 0.0213 0.0188 3114 1.13 .2591 -- 
I→I Lag 7 (t-35) -0.0195 0.0187 3114 -1.04 .2975 -- 
I→I Lag 8 (t-40) 0.0203 0.0187 3114 1.09 .2771 -- 
I→I Lag 9 (t-45) 0.0013 0.0186 3114 0.07 .9461 -- 
I→I Lag 10 (t-50) -0.0356 0.0183 3114 -1.95 .0517† Self-Contingency 
I→I Lag 11 (t-55) 0.0335 0.0185 3114 1.82 .0695† Self-Contingency 
I→I Lag 12 (t-60) 0.0045 0.0178 3114 0.25 .8014 -- 
        
M→I Lag 1 (t-5) 0.1015 0.0148 3114 6.88 <.0001** Interactive Contingency 
M→I Lag 2 (t-10) -0.0118 0.0159 3114 -0.74 .4582 -- 
M→I Lag 3 (t-15) -0.0081 0.0158 3114 -0.51 .6100 -- 
M→I Lag 4 (t-20) 0.0192 0.0158 3114 1.21 .2267 -- 
M→I Lag 5 (t-25) 0.0216 0.0158 3114 1.37 .1722 -- 
M→I Lag 6 (t-30) -0.0054 0.0157 3114 -0.34 .7305 -- 
M→I Lag 7 (t-35) 0.0154 0.0158 3114 0.97 .3316 -- 
M→I Lag 8 (t-40) 0.0071 0.0161 3114 0.44 .6580 -- 
M→I Lag 9 (t-45) -0.0093 0.0160 3114 -0.58 .5605 -- 
M→I Lag 10 (t-50) -0.0246 0.0160 3114 -1.54 .1229 -- 
M→I Lag 11 (t-55) -0.0052 0.0158 3114 -0.33 .7420 -- 
M→I Lag 12 (t-60) -0.0113 0.0147 3114 -0.77 .4414 -- 
Notes: “B” represents the unstandardized regression coefficient.  SE B = standard error of B.  df = degrees of freedom.  t = the magnitude of the 
B estimate. p value = the significance of t and B.  Estimates are across the group.  I→I = infants’ self-contingency; M→I = infants’ interactive 
contingency.  
Significance Level: * = p < 0.05; ** = p < 0.01; Moderate Trend Level † = p < 0.1. 
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Table A14.  Inspection of 12 Lags for Mother Switching Pause Contingency 
Switching Pause (Mother→Mother, Infant→Mother Equation) 
Pair Lag B SE B df t p value Type of Contingency 
M→M Lag 1 (t-5) 0.3702 0.0176 3114 21.01 <.0001** Self-Contingency 
M→M Lag 2 (t-10) -0.0239 0.0189 3114 -1.26 .2066 -- 
M→M Lag 3 (t-15) 0.0559 0.0189 3114 2.96 .0031** Self-Contingency 
M→M Lag 4 (t-20) 0.0057 0.0189 3114 0.30 .7626 -- 
M→M Lag 5 (t-25) 0.0059 0.0189 3114 0.31 .7542 -- 
M→M Lag 6 (t-30) 0.0131 0.0188 3114 0.70 .4868 -- 
M→M Lag 7 (t-35) -0.0135 0.0189 3114 -0.72 .4739 -- 
M→M Lag 8 (t-40) -0.0267 0.0192 3114 -1.39 .1635 -- 
M→M Lag 9 (t-45) 0.0121 0.0191 3114 0.63 .5270 -- 
M→M Lag 10 (t-50) -0.0122 0.0191 3114 -0.64 .5236 -- 
M→M Lag 11 (t-55) 0.0452 0.0189 3114 2.40 .0167* Self-Contingency 
M→M Lag 12 (t-60) -0.0092 0.0175 3114 -0.52 .5996 -- 
        
I→M Lag 1 (t-5) 0.0083 0.0212 3114 0.39 .6943 -- 
I→M Lag 2 (t-10) 0.0493 0.0221 3114 2.23 .0256* Interactive Contingency 
I→M Lag 3 (t-15) 0.0477 0.0221 3114 2.16 .0307 Interactive Contingency 
I→M Lag 4 (t-20) 0.0492 0.0222 3114 2.21 .0269 Interactive Contingency 
I→M Lag 5 (t-25) 0.0528 0.0223 3114 2.36 .0183 Interactive Contingency 
I→M Lag 6 (t-30) -0.0336 0.0225 3114 -1.49 .1351 -- 
I→M Lag 7 (t-35) -0.0235 0.0223 3114 -1.05 .2926 -- 
I→M Lag 8 (t-40) 0.0176 0.0223 3114 0.79 .4294 -- 
I→M Lag 9 (t-45) 0.0140 0.0222 3114 0.63 .5279 -- 
I→M Lag 10 (t-50) 0.0012 0.0218 3114 0.05 .9577 -- 
I→M Lag 11 (t-55) 0.0415 0.0220 3114 1.88 .0597† Interactive Contingency 
I→M Lag 12 (t-60) 0.0002 0.0212 0.01 0.01 .9946 -- 
Notes: “B” represents the unstandardized regression coefficient.  SE B = standard error of B.  df = degrees of freedom.  t = the magnitude of the 
B estimate. p value = the significance of t and B.  Estimates are across the group.  M→M = mothers’ self-contingency; I→M = mothers’ 
interactive contingency.  
Significance Level: * = p < 0.05; ** = p < 0.01; Moderate Trend Level † = p < 0.1. 
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Table A15. Best Predictors Model for Mother Vocalization Self- and Interactive Contingency 
Effect 
Sub 
Category 
B SE B df t p value 
Intercept  2.0863 0.4082 18 5.11 <.0001** 
M→M Vocalization  -0.3093 0.2639 2409 -1.17    .2413 
I→M Vocalization  0.0094 0.0555 2409 0.17    .8654 
Mothers’ Age  0.0382 0.0067 18 5.71  <.0001** 
Infant Vagal Tone  -0.1714 0.0360 18 -4.76    .0002** 
Ethnicity Black -0.5992 0.1164 18 -5.15  <.0001** 
 Hispanic -0.4895 0.1483 18 -3.30    .0040** 
 Other -0.1981 0.1789 18 -1.11    .2827 
M→M Vocalization * 
Ethnicity 
Black 0.2946 0.0844 2409 3.49    .0005** 
 Hispanic 0.1891 0.0986 2409 1.92    .0553 
 Other -0.0093 .1278 2409 -0.07    .9420 
MCB   -0.3698 0.0763 18 -4.85    .0001** 
M→M Vocalization * 
MCB 
 0.1081 0.0514 2409 2.10    .0356* 
Infant Sex Female 0.0168 0.0680 18 0.25    .8072 
I→M Vocalization * 
Infant Sex 
Female 0.2800 0.1224 2409 2.29    .0222* 
Notes: “B” represents the unstandardized regression coefficient.  SE B = standard error of B.  df = degrees of freedom.  t = the 
magnitude of the B estimate. p value = the significance of t and B.  Estimates are across the group.  M→M = mother self-
contingency; I→M = mother interactive contingency.  Significant interaction effects appear in bold. Infant Vagal Tone = Log of 
Recovery from Still-Face High Frequency measure. “White” used as the reference group for unstandardized coefficients.  MCB = 
maternal caregiving behaviors. “Male” used as the reference group.  
Significance Level: * = p < .05; ** = p < .01. 
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Table A16.  Best Predictors Model for Infant Vocalization Self- and Interactive Contingency  
Effect 
Sub 
Category 
B SE B  df t p value 
Intercept  0.2370 0.1356 22 1.75    .0944 
I→I Vocalization  0.8621 0.0711 2411 12.13  <.0001** 
M→I Vocalization  -0.2334 0.0950 2411 -2.46    .0141* 
Infant Sex Female -0.0170 0.0267 22 -0.63    .5326 
I→I Vocalization * Sex Female -0.1521 0.0683 2411 -2.23    .0259* 
Infant Vagal Tone  7.1945 2.851 22 2.52    .0193* 
I→I Vocalization * 
Infant Vagal Tone 
 -11.9805 4.8726 2411 -2.46    .0140* 
Birthweight  -0.0001 0.0001 22 -1.50    .1479 
M→I Vocalization * 
Birthweight 
 0.0002 0.0001 2411 2.45    .0142* 
Notes: “B” represents the unstandardized regression coefficient.  SE B = standard error of B.  df = degrees of freedom.  t = the 
magnitude of the B estimate. p value = the significance of t and B.  Estimates are across the group.  I→I = infant self-
contingency; M→I = infant interactive contingency. Significant interaction effects appear in bold. “Male” used as the 
reference group. Vagal Tone = Recovery level (from still-face episode) measured by time-domain tool of Root Mean Square 
of Successive Differences (RMSSD), the successive differences being neighboring RR intervals measured by ECG.  
Birthweight measured in grams. 
Significance Level: * = p < .05; ** = p < .01. 
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Table A17. Best Predictors Model for Mother Pause Self- and Interactive Contingency  
Effect 
Sub 
Category 
B SE B  df t p value 
Intercept  0.4758 0.3641 26 1.31   .2027 
M→M Pause  1.1384 0.1789 2948 6.36 <.0001** 
I→M Pause  -1.3043 0.4806 2948 -2.71   .0067** 
Infant Self-Regulation   0.0742 0.0506 26 1.47   .1542 
M→M Pause * Infant 
Self-Regulation 
 -0.1281 0.0317 2948 -4.03 <.0001** 
Ethnicity Black -0.0514 0.0911 26 -0.57   .5769 
 Hispanic -0.0899 0.0873 26 -1.03   .3125 
 Other -0.1397 0.1248 26 -1.12   .2730 
M→M Pause * Ethnicity Black 0.1550 0.0661 2948 2.35   .0190* 
 Hispanic 0.1694 0.0667 2948 2.54   .0112* 
 Other 0.1706 0.1140 2948 1.50   .1347 
Mothers’ Age  -0.0131 0.0059 26 -2.21   .0363* 
I→M Pause * Mothers’ 
Age 
 0.0353 0.0145 2948 2.43   .0150* 
Notes: “B” represents the unstandardized regression coefficient.  SE B = standard error of B.  df = degrees of freedom.  t = the 
magnitude of the B estimate. p value = the significance of t and B.  Estimates are across the group.  M→M = mother self-
contingency; I→M = mother interactive contingency. Significant interaction effects appear in bold. Infant self-regulation = 
NICU Network Neurobehavioral Scales (NNNS): self-regulation summary score. “White” used as the reference group for 
unstandardized coefficients. 
Significance Level: * = p < .05; ** = p < .01. 
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Table A18.  Best Predictors Model for Infant Pause Self- and Interactive Contingency  
Effect B SE B df t p value 
Intercept 0.2458 0.0529 23 4.65    .0001** 
I→I Pause 0.7875 0.0209 2556 37.68  <.0001** 
M→I Pause -0.1262 0.0484 2556 -2.61    .0092** 
Infant Self-Regulation -0.0133 0.0040 23 -3.30    .0031** 
Mothers’ Education -0.0186 0.0056 23 -3.33    .0029** 
Maternal Depression -0.0034 0.0014 23 -2.31    .0300* 
M→I Pause * Maternal 
Depression 
0.0037 0.0016 2556 2.31    .0208* 
Birthweight -0.00004 0.00002 23 -1.90    .0701 
M→I Pause * Birthweight 0.00006 0.00003 2556 2.30    .0214* 
Notes: “B” represents the unstandardized regression coefficient.  SE B = standard error of B.  df = degrees of freedom.  t 
= the magnitude of the B estimate. p value = the significance of t and B.  Estimates are across the group.  I→I = infant 
self-contingency; M→I = infant interactive contingency. Significant interaction effects appear in bold. Infant self-
regulation = NICU Network Neurobehavioral Scales (NNNS): self-regulation summary score.  Maternal Depression = 
CES-D measured at second time point: Infant term age (approximately at the time of discharge from hospital).  
Birthweight measured in grams. 
Significance Level: * = p < .05; ** = p < .01. 
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Table A19.  Best Predictors Model for Mother Switching Pause Self- and Interactive 
Contingency  
Effect B SE B df t p value 
Intercept -0.0299 0.0828 26 -0.36     .7207 
M→M Switching Pause 1.351 0.1684 2739 8.02   <.0001** 
I→M Switching Pause 0.0218 0.1008 2739 0.22      .8287 
Maternal Anxiety 0.0032 0.0020 26 1.66      .1092 
M→M Switching Pause * 
Maternal Anxiety 
-0.0159 0.0034 2739 -4.66   <.0001** 
Birthweight 0.00003 0.00003 26 0.91      .3707 
M→M Switching Pause * 
Birthweight 
-0.0002 0.00008 2739 -2.52      .0118* 
Maternal Depression -0.0055 0.0027 26 -2.01      .0555 
I→M Switching Pause * 
Maternal Depression 
0.0179 0.0078 2739 2.28      .0225* 
Notes: “B” represents the unstandardized regression coefficient.  SE B = standard error of B.  df = degrees of freedom.  t = 
the magnitude of the B estimate. p value = the significance of t and B.  Estimates are across the group.  M→M = mother 
self-contingency; I→M = mother interactive contingency. Significant interaction effects appear in bold.  Maternal Anxiety 
= STAI: State and Maternal Depression = CES-D, both measured at Time 2, near infant term age (approximately at the 
time of discharge from hospital).  Birthweight measured in grams. 
Significance Level: * = p < .05; ** = p < .01. 
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Table A20.  Best Predictors Model for Infant Switching Pause Self- and Interactive Contingency  
Effect 
Sub 
Category 
B SE B df t p value 
Intercept  0.1134 0.0835 29 1.60     .1208 
I→I Switching Pause  1.2069 .1981 2951 6.09   <.0001** 
M→I Switching Pause  0.0346 0.0359 2951 0.96      .3348 
Infant Sex Female -0.0238 0.0218 29 -1.09      .2831 
M→I Switching Pause * 
Infant Sex 
Female 0.2179 0.0496 2951 4.390    <.0001** 
Infant Self-Regulation  -0.0088 0.0142 29 -0.62      .5372 
I→I Switching Pause * 
Infant Self-Regulation 
 -0.1463 0.0370 2951 -3.95    <.0001** 
Notes: “B” represents the unstandardized regression coefficient.  SE B = standard error of B.  df = degrees of freedom.  t = the 
magnitude of the B estimate. p value = the significance of t and B.  Estimates are across the group.  I→I = infant self-
contingency; M→I = infant interactive contingency.  Significant interaction effects appear in bold. “Male” used as the reference 
group.  Infant self-regulation = NICU Network Neurobehavioral Scales (NNNS): self-regulation summary score. 
Significance Level: * = p < .05; ** = p < .01. 
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Table A21. Correlation Matrix for Infant Predictors by Per-Dyad Self-Contingency Estimates  
 
 
Self-Contingency Estimates Per-Dyad 
Infant Predictor 
Variables 
M→M 
Vocalization 
I→I 
Vocalization 
M→M 
Pause 
I→I Pause 
M→M 
Switching 
Pause 
I→I 
Switching 
Pause 
Birthweight, grams 
r = 0.05 
p = .7685 
n = 34 
0.08 
.6662 
34 
0.02 
.9260 
34 
-0.12 
.5109 
34 
-0.06 
.7226 
34 
0.11 
.5480 
34 
Gestational Age, 
weeks 
0.12 
.5143 
34 
0.07 
.6757 
34 
0.09 
.6267 
34 
0.03 
.8628 
34 
-0.11 
.5247 
34 
0.23 
.1857 
34 
NNNS Self-Regulation 
Summary Score 
-0.37 
.0347* 
32 
0.21 
.2335 
32 
-0.17 
.3624 
32 
-0.22 
.2183 
32 
-0.21 
.2458 
32 
-0.40 
0.0251* 
32 
Infant Vagal Tone 
(Baseline) 
0.06 
0.7868 
26 
0.003 
.9864 
26 
0.15 
.4550 
26 
0.06 
.7540 
26 
0.06 
.7788 
26 
-0.08 
.6879 
26 
Infant Vagal Tone 
(Recovery) 
0.09 
.6456 
26 
-0.10 
.6357 
26 
0.16 
.4243 
26 
-0.05 
.7997 
26 
0.05 
.8250 
26 
0.04 
.8502 
26 
Infant Vagal Tone 
(Change) 
0.05 
.8229 
26 
-0.12 
.5583 
26 
0.01 
.9541 
26 
-0.14 
.4970 
26 
-0.01 
.9425 
26 
0.15 
.4791 
26 
Notes:  M→M = mother self-contingency; I→I = infant self-contingency.  Coordination estimates are based on per-dyad scores 
using 12 weighted 5s lags.  Vagal Tone was measured using both time-domain measures and frequency domain measures, as 
recommended by the literature.  After all vagal tone measures were compared to each other, it was found that they generally 
correlated well with each other, as they were obtained based on the same ECT data; therefore, only RMSSD measures are 
reported here. An additional score of RMSSD Δ was produced by subtracting the recovery RMSSD from the baseline RMSSD to 
obtain a change score.  This Δ represents the absolute value of how well the infant was able to return to baseline following the 
still-face episode.   
Significance Level: * = p < .05; ** = p < .01. 
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Table A22. Correlation Matrix for Mother Predictors by Per-Dyad Self-Contingency Estimates  
 
 
Self-Contingency Estimates Per-Dyad 
Mother Predictor 
Variables 
M→M 
Vocalization 
I→I 
Vocalization 
M→M 
Pause 
I→I Pause 
M→M 
Switching 
Pause 
I→I 
Switching 
Pause 
Mother’s Age 
r = -0.14 
p = .4195 
n = 34 
-0.40 
.0179* 
34 
-0.53 
.0013** 
34 
-0.34 
.0512* 
34 
-0.29 
.0997 
34 
-0.05 
.7659 
34 
Mother’s Education 
-0.11 
.5431 
34 
-0.32 
.0679 
34 
-0.25 
.1587 
34 
-0.27 
.1251 
34 
-0.28 
.1070 
34 
-0.06 
.7324 
34 
Maternal Caregiving 
Behaviors 
0.09 
.6159 
34 
-0.12 
.4904 
34 
-0.15 
.4018 
34 
-0.16 
.3588 
34 
-0.18 
.3081 
34 
0.10 
.5919 
34 
Maternal Depression 
-0.08 
.6719 
30 
0.01 
.9738 
30 
0.01 
.9687 
30 
0.10 
.5999 
30 
-0.16 
.3908 
30 
0.07 
.7139 
30 
Maternal Anxiety 
-0.19 
.3156 
30 
-0.13 
.4899 
30 
-0.18 
.3532 
30 
-0.24 
.2110 
30 
-0.34 
0.0629 
30 
0.10 
.6066 
30 
Notes: M→M = mother self-contingency; I→I = infant self-contingency. Coordination estimates are based on per-dyad scores 
using 12 weighted 5s lags.  Maternal Depression (CES-D) and Maternal Anxiety (STAI:State), Time 2 = Infant Term Age 
(approximately at the time of discharge from hospital) Significance Level: * = p < .05; ** = p < .01. 
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Table A23. Correlation Matrix for Infant Predictors by Per-Dyad Interactive Contingency 
Estimates  
 
 
 
Interactive Contingency Estimates Per-Dyad 
Infant Predictor 
Variables 
M→I 
Vocalization 
I→M 
Vocalization 
M→I Pause I→M Pause 
M→I 
Switching 
Pause 
I→M 
Switching 
Pause 
Birthweight, grams 
r = 0.21 
p = .2413 
n = 34 
0.18 
.2981 
34 
0.19 
.2809 
34 
0.02 
.9063 
34 
0.01 
.9386 
34 
0.28 
.1125 
34 
Gestational Age, 
weeks 
0.23 
.1934 
34 
0.21 
.2350 
34 
0.26 
.1386 
34 
-0.02 
.9070 
34 
0.13 
.4593 
34 
0.23 
.1820 
34 
Infant Self-Regulation 
0.11 
.5660 
32 
-0.16 
.3802 
32 
0.06 
.7264 
32 
0.28 
.1183 
32 
0.12 
.5006 
32 
-0.17 
.3508 
32 
Infant Vagal Tone 
(Baseline) 
-0.40 
.0445* 
26 
0.11 
.6011 
26 
0.13 
.5362 
26 
0.19 
.3481 
26 
-0.07 
.7358 
26 
-0.02 
.9047 
26 
Infant Vagal Tone 
(Recovery) 
-0.28 
.1685 
26 
0.07 
.7188 
26 
0.13 
.5124 
26 
0.11 
.5871 
26 
-0.42 
.0325* 
26 
-0.07 
.7346 
26 
Infant Vagal Tone 
(Change) 
0.14 
.4854 
26 
-0.04 
.8456 
26 
0.31 
.1207 
26 
-0.10 
.6405 
26 
-0.42 
.0338* 
26 
-0.05 
.7946 
26 
Notes: I→M = mother interactive contingency; M→I = infant interactive contingency.  Coordination estimates are based on per-
dyad scores using 12 weighted 5s lags.  Infant Self-Regulation = NNNS: Self-Regulation summary score. Vagal Tone was 
measured using both time-domain measures and frequency domain measures, as recommended by the literature.  After all vagal 
tone measures were compared to each other, it was found that they generally correlated well with each other, as they were 
obtained based on the same ECT data; therefore, only RMSSD measures are reported here. An additional score of RMSSD Δ was 
produced by subtracting the recovery RMSSD from the baseline RMSSD to obtain a change score.  This Δ represents the absolute 
value of how well the infant was able to return to baseline following the still-face episode.   
Significance Level: * = p < .05; ** = p < .01.  
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Table A24. Correlation Matrix for Mother Predictors by Per-Dyad Interactive Contingency 
Estimates  
 
 
Interactive Contingency Estimates Per-Dyad 
Mother Predictor 
Variables 
M→I 
Vocalization 
I→M 
Vocalization 
M→I Pause I→M Pause 
M→I 
Switching 
Pause 
I→M 
Switching 
Pause 
Mother’s Age 
r = 0.10 
p = .5576 
n = 34 
0.17 
.3374 
34 
-0.05 
.7615 
34 
-0.12 
.5144 
34 
0.13 
.4753 
34 
0.14 
.4196 
34 
Mother’s Education 
0.10 
.5909 
34 
0.07 
.6793 
34 
0.31 
.0759 
34 
0.13 
.4802 
34 
0.21 
0.2384 
34 
0.01 
.9477 
34 
Maternal Caregiving 
Behaviors 
-0.03 
.8450 
34 
0.20 
.2525 
34 
0.41 
.0164* 
34 
-0.06 
.7409 
34 
-0.12 
.5089 
34 
0.19 
.2879 
34 
Maternal Depression 
0.17 
.3771 
30 
0.07 
.7015 
30 
0.01 
.9575 
30 
-0.25 
.1893 
30 
0.06 
.7409 
30 
0.05 
.8089 
30 
Maternal Anxiety 
0.29 
.1218 
30 
0.07 
.7230 
30 
0.07 
.7095 
30 
-0.28 
.1315 
30 
0.004 
.9795 
30 
-0.08 
.6669 
30 
Notes: I→M = mother interactive contingency; M→I = infant interactive contingency.  Coordination estimates are based on per-
dyad scores using 12 weighted 5s lags.  Maternal Depression (CES-D) and Maternal Anxiety (STAI:State), Time 2 = Infant Term 
Age (approximately at the time of discharge from hospital)  
Significance Level: * = p < .05; ** = p < .01. 
 
 
  
 
 
1
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Table A25. Inter-Correlation Matrix for Per-Dyad Self- and Interactive Contingency Estimates 
 
M→M 
Voc 
M→I 
Voc 
I→I 
Voc 
I→M 
Voc 
M→M 
Pause 
M→I 
Pause 
I→I 
Pause 
I→M 
Pause 
M→M 
SP 
M→I SP 
I→I 
SP 
I→M SP 
M→M 
Vocalization 
1.0            
M→I 
Vocalization 
-0.11 
.5367 
1.0           
I→I 
Vocalization 
-0.06 
.7545 
-0.01 
.9422 
1.0          
I→M 
Vocalization 
0.39 
.0222* 
0.03 
.8458 
-0.51 
.0020** 
1.0         
M→M Pause 
0.42 
.0144* 
-0.10 
.5683 
0.34 
.0468* 
0.08 
.6715 
1.0        
M→I Pause 
0.41 
.0161* 
0.20 
.2613 
0.04 
.8351 
0.40 
.0176* 
0.15 
.3833 
1.0       
I→I Pause 
0.52 
.0015** 
-0.17 
.3483 
0.16 
.3746 
-0.06 
.7521 
0.66 
<.0001** 
0.18 
.2959 
1.0      
I→M Pause 
-0.06 
.7205 
0.06 
.7465 
0.01 
.9755 
-0.01 
.9741 
0.24 
.1773 
-0.02 
.8957 
0.10 
.5738 
1.0     
M→M 
Switching 
Pause 
0.59 
.0003** 
-0.31 
.0774 
0.15 
.4116 
0.14 
.4406 
0.42 
0.0136* 
0.20 
.2561 
0.58 
.0003** 
0.15 
.3958 
1.0    
M→I 
Switching 
Pause 
-0.13 
.4535 
0.18 
.3124 
-0.14 
.4175 
-0.15 
.3899 
-0.34 
.0502* 
-0.29 
.0951 
-0.13 
.4716 
-0.10 
.5788 
-0.31 
.0711 
1.0   
I→I 
Switching 
Pause 
0.30 
.0862 
0.14 
.4442 
0.08 
.6646 
0.13 
.4495 
0.43 
.0119* 
0.28 
.1076 
0.49 
.0030** 
-0.05 
.7941 
0.15 
.3834 
-0.37 
.0302* 
1.0  
I→M 
Switching 
Pause 
0.01 
.9430 
0.18 
.3070 
-0.28 
.1086 
0.39 
.0219* 
0.16 
.3658 
0.22 
.2124 
0.01 
.9540 
0.20 
.2640 
-0.27 
.1289 
-0.06 
.7215 
0.29 
.0974 
1.0 
Notes: Contingency estimates for correlations were done at the per-dyad level using 12 weighted lags for N = 34.  M→M = mother self-contingency; I→M = mother 
interactive contingency; I→I = infant self-contingency; M→I = infant interactive contingency.  Voc = Vocalization; SP = Switching Pause.  Table cells contain: r = estimate 
of the Pearson product-moment correlation coefficient and p values = probability of success in a binary trial.  
Significance Level: * = p < .05; ** = p < .01. 
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Table A26. Correlation Matrix for Infant Predictors 
 
Infant  
Predictor Variables 
Birthweight 
Gestational 
Age 
Infant Self-
Regulation 
Vagal Tone 
(Baseline) 
Vagal Tone 
(Recovery) 
Vagal Tone 
(Change) 
Birthweight, grams 
1 
 
34 
0.87 
<.0001* 
34 
0.16 
.3749 
32 
0.01 
.9726 
26 
-0.32 
.1078 
26 
-0.39 
.0471* 
26 
Gestational Age, 
weeks 
r = 0.87 
p = <.0001** 
n = 34 
1 
 
34 
0.17 
.3480 
32 
0.05 
.8238 
26 
-0.32 
.1110 
26 
-0.44 
.0260* 
26 
Infant Self-Regulation 
0.16 
.3749 
32 
0.17 
.3480 
32 
1 
 
32 
-0.09 
.6811 
25 
-0.22 
.2976 
25 
-0.15 
.4644 
25 
Infant Vagal Tone 
(Baseline RMSSD) 
0.01 
.9726 
26 
0.05 
.8238 
26 
-0.09 
.6811 
25 
1 
 
26 
0.65 
.0003** 
26 
-0.42 
0.0316* 
26 
Infant Vagal Tone 
(Recovery RMSSD) 
-0.32 
.1078 
26 
-0.32 
.1110 
26 
-0.22 
.2976 
25 
0.65 
.0003** 
26 
1 
 
26 
0.42 
.0346* 
26 
Infant Vagal Tone 
(Rec-Base Change 
Score, RMSSD) 
-0.39 
.0471* 
26 
-0.44 
.0260* 
26 
-0.15 
.4644 
25 
-0.42 
.0316* 
26 
0.42 
.0346* 
26 
1 
 
26 
Significance Level: * = p < .05; ** = p < .01. 
Notes: Infant Self-Regulation = NNNS: Self-Regulation summary score. Vagal Tone was measured using both time-domain 
measures and frequency domain measures, as recommended by the literature.  After all vagal tone measures were compared to 
each other, it was found that they generally correlated well with each other, as they were obtained based on the same ECT data; 
therefore, only RMSSD measures are reported here. An additional score of RMSSD Δ was produced by subtracting the recovery 
RMSSD from the baseline RMSSD to obtain a change score.  This Δ represents the absolute value of how well the infant was able 
to return to baseline following the still-face episode.   
 
Table A27. Correlation Matrix for Mother Predictors 
Mother 
Predictor Variables 
Mothers’ 
Age 
Mothers’ 
Education 
MCB 
Maternal 
Depression  
Maternal 
Anxiety 
Mothers’ Age 
1 
 
34 
0.50 
.0026** 
34 
0.29 
0.0919 
34 
-0.09 
.6360 
30 
-0.03 
.8895 
30 
Mothers’ Education 
r = 0.50 
p = .0026** 
n = 34 
1 
 
34 
0.48 
.0044** 
34 
0.12 
.5379 
30 
0.18 
.3414 
30 
Maternal Caregiving 
Behaviors 
0.29 
.0919 
34 
0.48 
.0044** 
34 
1 
 
34 
0.28 
0.1307 
30 
0.29 
.1152 
30 
Maternal Depression  
-0.09 
.6360 
30 
0.12 
.5379 
30 
0.28 
.1307 
30 
1 
 
30 
0.71 
<.0001** 
30 
Maternal Anxiety  
-0.03 
.8895 
30 
0.18 
.3414 
30 
0.29 
.1152 
30 
0.71 
<.0001 
30 
1 
 
30 
Significance Level: * = p < .05; ** = p < .01. 
Notes: MCB = maternal caregiving behaviors. Maternal Depression (CES-D) and Maternal Anxiety (STAI) Time 
2 = Infant Term Age (discharge from hospital).  
 
VOCAL RHYTHMS AND PRETERM INFANTS 
 
151 
 
 
Table A28. Correlation Matrix for Mother Predictors by Infant Predictors 
 Birthweight 
Gestational 
Age 
Infant Self-
Regulation 
Vagal Tone 
(Baseline) 
Vagal Tone 
(Recovery) 
Vagal Tone 
(Change) 
Mothers’ Age 
r = 0.27 
p = .1278 
n = 34 
0.36 
.0354* 
34 
0.03 
.8646 
32 
0.32 
.1091 
26 
0.15 
.4572 
26 
-0.20 
.3206 
26 
Mothers’ Education 
0.17 
.3254 
34 
0.29 
.1021 
34 
-0.04 
.8078 
32 
0.23 
.2564 
26 
0.12 
.5746 
26 
-0.06 
.7749 
26 
Maternal Caregiving 
Behaviors 
0.13 
.4787 
34 
0.13 
.4535 
34 
0.09 
.6193 
32 
0.16 
.4262 
26 
0.20 
.3270 
26 
0.04 
.8327 
26 
Maternal Depression  
-0.31 
.0990 
30 
-0.29 
.1176 
30 
-0.05 
.8027 
28 
-0.19 
.3757 
24 
-0.12 
.5860 
24 
0.10 
.6567 
24 
Maternal Anxiety  
-0.26 
.1733 
30 
-0.30 
.1033 
30 
0.03 
.8817 
28 
-0.31 
.1401 
34 
-0.02 
.9335 
24 
0.36 
.0824 
24 
Notes: Maternal Depression (CES-D) and Maternal Anxiety (STAI), Time 2 = Infant Term Age (discharge from hospital). Vagal 
Tone was measured using both time-domain measures and frequency domain measures, as recommended by the literature.  After 
all vagal tone measures were compared to each other, it was found that they generally correlated well with each other, as they were 
obtained based on the same ECT data; therefore, only RMSSD measures are reported here. An additional score of RMSSD Δ was 
produced by subtracting the recovery RMSSD from the baseline RMSSD to obtain a change score.  This Δ represents the absolute 
value of how well the infant was able to return to baseline following the still-face episode. 
Significance Level: * = p < .05; ** = p < .01. 
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Appendix B: Coordinated Interpersonal Timing (CIT) 
Description of Coordinated Interpersonal Timing excerpted from Jaffe, et al., 2001, pp. 42-47, 
with permission. 
“Time-series regression analysis to assess Coordinated Interpersonal Timing (CIT).  Whereas the 
definitions above refer to the durations of vocal states and turns, we now move to the analysis of 
interpersonal contingencies of vocal durations (CIT), calculated by time-series regression 
(Gottman, 1981; Ostrom, 1978; Warner, 1996).  Each interaction can be viewed as parallel 
streams of behavior in time, i.e., a bivariate time series.  A theory of interactive behavior 
(Gottman, 1981; Thomas & Malone, 1979) must take into account how the person is organized 
in relation to his or her own behavior (autocorrelation) as well as in relation to the partner's 
behavior (cross-correlation).  But the results of using ordinary product-moment correlation to 
assess cross-correlation may be inflated because they include the effects of autocorrelation.  The 
time series model separately assesses and then removes (i.e., partials) the autocorrelation in each 
partner's contribution to the dyadic time-series.  Then, by means of lag correlations (controlled 
for autocorrelation), it assesses whether each partner's stream of behavior is predictable from that 
of the other, yielding an assessment of “direction of coordination.”   
 Other than turns, the time unit over which the vocal state durations were averaged was five 
seconds, yielding a vector of 144 units across a 12-minute interaction.  Given the average vocal 
state durations of approximately 1 sec (Feldstein & Welkowitz, 1978; Jaffe & Feldstein, 1970), 
the 5-sec unit is long enough to include at least one and, more often, several occurrences of a 
particular state.  The time unit for turns, however, was 30 seconds, because they constitute a 
sequence of states. 
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 Each of the two series for each adult-infant pair was subjected to an SPSSX ARIMA (Auto 
Regressive Integrated Moving Average) modelling procedure in order to remove autocorrelation 
effects from the data, and the ACF subprogram of SPSSX was used to allow for visual and 
statistical checks of which model provided the best fit to the data.  After inspecting the error 
distributions of approximately 35 interactions, an “AR2" model was selected as most appropriate 
on the basis of a diagnosis of the residuals. An AR2 model is an ARIMA model which uses two 
lags to remove autocorrelational effects from a time series. Dr. Rebecca Warner consulted on the 
adequacy of our visual diagnostics.  It should be noted that neither ISS nor NSS could be as 
consistently fitted by an AR2 model, perhaps because the frequency of their occurrence is 
usually less and their average duration usually shorter than the other vocal states.  Turns, on the 
other hand, were generally too long to fit an AR2 model.  Therefore, none of these three (ISS, 
NSS, Turns) was used in the analyses predicting outcomes. However, in the remaining analyses, 
the CIT of all 6 vocal parameters was considered.   In this study, autocorrelational effects were 
removed from both the criterion (dependent) and predictor (independent) variables.  The AR2 
model used specified no differencing and a zero-order moving average.  After selecting the 
model, the AREG subprogram of SPSSX Trends was used to compute the time-series analyses.   
 The degree to which a partner coordinated his/her current behavior with the other's 
behavior of the previous minute was examined.  A minute has been used in our past research 
(e.g., Crown, 1991; Jasnow, Crown, Feldstein, Taylor, Beebe & Jaffe, 1988; Jasnow & Feldstein, 
1986), and in that of others (e.g., Cappella, 1996). Thus, for each parameter, a set of 12 
successive 5-second "lags" was used to examine the prediction of each participant's 
autocorrelation-corrected behavior from that of the partner.  Lag-0 was omitted.  The statistic 
used to index degree of coordinated timing was the proportion of the variance (R2) of one 
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partner's behavior that accounted for the twelve lags of the other partner's behavior.  In addition, 
an “optimal lag” was defined as the lag that accounted for the most variance.  Only pairwise 
comparisons were performed: adult and infant behavior were compared only within the same 
vocal state (e.g., average pause of infant with average pause of adult), which was the same 
strategy used in all our related studies (e.g., Beebe et al., 1988; Crown, 1991; Jasnow & 
Feldstein, 1986; Jasnow et al., 1988).” 
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